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DEVELOPMENT OF A BETA-INDUCED FLUORESCENCE DETECTOR AND ITS 
APPLICATION TO ENVIRONMENTAL PROBLEMS 
ABSTRACT 
by 
SYLVIA MASSEY 
A fluorescence detector in which beta particles from 147Pm are used 
as the exciting source has been developed and attached to a commercial 
high performance liquid chromatograph. The design and evaluation of 
a self-contained prototype beta-induced fluorescence (BIF) detector is 
described together with results obtained for normal and reversed-phase 
chromatography. 
A theoretical analysis of BIF is used to determine the factors which 
influence the sensitivity of the technique and equations are presented 
for the detector response and signal-to-noise ratios; such theoretical 
values are compared with experimentally determined values. The theory 
of BIF has been extended to include the quenching of fluorescence from 
excited solvent or dopant species by quenching agents. Expressions 
for the quenched beta-induced fluorescence (QBIF) response to efficient 
quenchers and the related signal-to-noise ratio are derived, and again 
experimental results are compared with theoretical predictions. 
After optimisation of the BIF detector, its application to the deter-
mination of polynuclear aromatic hydrocarbons (PAR's) was investigated. 
Full details of the development of an analytical procedure for the 
detection of PAR's at the ng I- 1 level in water are presented. The 
BIF spectra obtained from some PAR's were found to differ from their 
conventional counterparts; it is suggested that these differences 
occur as a result of the smaller self-absorption errors associated 
with BIF spectrometry. Reversed~phase chromatographic detection is 
demonstrated by the application of the BIF technique to amino acid 
determination. 
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= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
Terms 
Geometric factor 
Half-life of radionuclide 
Solvent excimer 
Quencher molecule 
Rate of photon emission by solvent 
Rate of photon emission from the solute 
Detection efficiencies for photons emitted by the eluent 
and sample species respectively 
BIF response to a sample 
Peak magnitude of negative signal as quencher passes 
through detector 
Ci = 3.7 X 1010 Bq 
Bq = 2.702 x 10-11 Ci 
B (Power out) 
Decibel 10 . B = log!O (Power in ) 
Doubling of the frequency 
Capacity ratio 
Retention time x flow rate 
Time in seconds from injection for elution of a peak 
Room temperature phosphorescence 
Micelle-stabilised room temperature phosphorescence 
= Acetonitrile 
= 1,4-di-[2-(5-phenyloxazolyl)]-benzene 
= Anthracene 
= Fluoranthene 
= Perylene 
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= 1,2-dichloromethane 
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The time scale on all chromatograms denotes two minute intervals unless 
otherwise stated. 
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CHAPTER 1 INTRODUCTION 
1.1 High Pressure Liquid Chromatography 
The origins of high performance liquid chromatography may be traced 
to one far-seeing paper published by two British chemists A.J.P.Martin 
and R.L.M.Synge 1 in 1941. Indeed the ideas and techniques described 
in that paper, particularly when viewed in the light of present day 
knowledge, present the most significant contribution to separation 
science so far published. Acknowledgement of their achievements 
came in 1952 when they were awarded the Nobel Prize for their work. 
The two chemists had begun a study of the amino acid composition of 
wool and their initial efforts based on liquid - liquid countercurrent 
distribution had failed to give them adequate separation. They con-
ceived, therefore, an alternative method in which one liquid was 
firmly bound to a finely granulated solid packed in a glass tube and 
a second liquid immiscible with the first, was percolated through it. 
The realization that by immobilizing one liquid on a suitable matrix 
a separation could be effected by passing the second liquid over the 
first constituted a major advance. Theoretical treatment of the 
processes involved in separations were proposed based on the operating 
parameters of the column, thus it became possible to express the 
efficiency of any separation achieved in terms of the theoretical 
plate (height equivalent to a theoretical plate H.E.T.P.) by analogy 
with distillation theory. 
Two other major points raised in this paper 1 subsequently provided the 
basis of (a) Gas chromatography in which the mobile phase is replaced 
by a gas- reported by James and Martin in 1952 2 • (b) Modern high 
performance,or high pressure,liquid chromatography where very small 
particles and high pressure differences across a column lead to' fast 
and extremely efficient separations. 
In modern liquid chromatography chemical substances are separated on 
the basis of their relative rates of distribution between a· moving 
liquid stream and a stationary phase which may be a liquid or a solid. 
2 
As a separation technique chromatography has a number of advantages 
over other separation methods. It is capable of separating a multi-
component chemical mixture without requiring an extensive fore-knowledge 
of the identity,number or relative amounts of the substances present. 
It is versatile in that it can deal with molecular species ranging in 
size from viruses composed of millions of atoms to the smallest mole-
cules. Some forms of chromatography coupled with suitable detectors 
are able to detect substances at the picogram level thus providing a 
powerful analytical technique. On the other hand chromatography is 
also effective as a large-scale preparative method. Its resolving 
power is unequalled among separation methods, for example more than 
50 components can be isolated from complex mixtures such as gasoline 
or coal-tar. 
Liquid chro~atography is carried out by allowing the liquid mobile 
phase to flow over or through an adsorbing material, the stationary 
phase, which is of high surface area. The components of the mixture 
to be separated are introduced into the mobile phase and allowed to 
migrate in the direction of the flow at different rates, determined 
by their relative distributions between the mobile and stationary 
phases. Separation occurs due to their differential retardation, 
or retention, caused by unequal degrees of adsorption of solutes as 
they are washed down the adsorbent column. 
Knowledge gained with gas chromatography and the predicted use of 
small particles1 ,along with high pressure differences across columns, 
has produced the technology required to build high pressure liquid 
chromatography systems as we know them today. Such systems have been 
responsible for the rapid developments in h.p.l.c. which have been 
made in the last decade. 
These advancements have inevitably created the need for very sensitive 
detection techniques~ Detection in liquid chromatography requires 
methods which are not based solely on the physical characteristics of 
the mobile phase as are many gas chromatographic detectors. The main 
reason for this being that low concentrations of solute in a liquid do 
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not modify the overall physical properties of the liquid to the same 
extent that vapour in a gas modifies the gas properties. It is, 
therefore, in the area of detection that the next major advances will 
have to be made so that environmental pollutants or biological mole-
cules, typically present in samples at the nanogram and picogram per 
millilitre level, can be assayed. 
With this objective,and experience of methods available for low level 
radioactivity detection,the possiblity of a detection system using a 
radioactive source has been explored. However, before describing such 
a system it is pertinent to review currently available h.p.l.c. 
detectors. 
1.2 High Pressure Liquid Chromatography Detectors 
Detectors used for liquid chromatography are on-line devices usually 
producing electrical signals which are proportional to the concentra-
tion or weight of solute in the column effluent. In selecting a 
detector a number of criteria are important and the following list 
indicates the necessary basic requirements. 
(i) High sensitivity towards the desired analytes and 
high reproducibility. 
(ii) Linear response to concentration of the detected 
material. 
(iii) Low temperature coefficient of response. 
(iv) Low detector dead-volume, therefore avoiding 
extra-column band broadening. 
(v) In some applications it is advantageous for the 
detector to be non-destructive. 
1.2a Detector Parameters 
Detection Limit 
The essent~al characteristic of any detection system is the minimum 
concentration of analyte which will give a recognisable signal against 
the background noise of the,instrument. It follows, therefore, that 
the ideal would be good response coupled to low noise level. The limit 
of detection of a detector is usually defined as that concentration 
of solute which gives a signal equal to twice the noise level. 
1. 2a ( i) Noise Level 
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Noise is generally defined as all variations of the output value that 
do not carry information on the parameter being measured. In chroma-
tography noise is divided into three types:-
(i) High frequency noise usually lying in a frequency range 
above that of chromatographic interest. 
(ii) Mid-frequency or short-term noise of definite importance 
in chromatography. 
(iii) Drift or low-frequency noise which lies below the 
frequency of chromatographic interest. 
High frequency noise is usually caused by air bubbles in the cell or 
electrical effects, while short-term noise and drift are often caused 
by changing the chromatographic conditions. Incomplete mixing in a 
gradient elution system chamber can lead to short-term noise owing to 
variation in solvent composition. In this work a solvent deoxygenating 
and mixing system was designed and used to overcome the effects of 
dissolved oxygen (see Figure 3.4 section 3.1 on quenching) and to 
ensure correct solvent composition. The system also helped in pre-
venting many of the problems associated with bubble formation within 
the detector. Drift, or long-term noise, is often caused by tempera-
ture or solvent changes; careful thermostatting can help eliminate it. 
Finally, electronic malfunction can also lead to both drift and short-
term noise but correct instrument design ought to minimize this. 
In this work a simple low-pass· noise filter was designed and built 
to eliminate high frequency noise from recorded chromatograms3 , 
1.2a (ii) Response 
Response may be defined as the slope of a calibration plot of detector 
signal against solute concentration. For a linear function with a 
concentration dependent detector:-
R 
c 
= (1.1). 
Where R is the detector signal, K is a constant, m1 is the sample c c 
mass rate and m2 is the mobile phase mass rate with respect to time. 
Generally in h.p.l.c. m2 >> m1 ,therefore the equation becomes:-
= (1.2). 
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The concentration detector response is therefore flow-rate dependent. 
1.2a (iii) Linearity of Response 
Detector linearity is important, especially if quantitative work is 
to be carried out, and linearity of response over ranges of the order 
4 
of 10 are usually desirable. 
The general response function relating detector signal and sample size 
can be represented by:-
R = (1.3) 
Where R is the detector signal, k is a constant, x is a measure of 
sample size,e.g. concentration,and n is known as the response index; 
with a linear relationship n = unity. 
However,in practice linearity usually obtains only over a restricted 
range. The linear range is,therefore,defined as that region of response 
between the detection limit (see section 1.2a) and the point where n 
deviates from 1 by a given value,e.g. 5%. Hence values of 
0.99 ~ n s 1.01 provide a satisfactory linear calibration over a range 
of about 1000, this being acceptable for most analytical purposes. By 
expressing equation (1.3) in logarithmic form:-
log R = n log x + log k (1.4) 
I 
6 
The slope n of the plot will equal unity when the tangent of the cali-
bration line= 45°, 
Interpretation of chromatograms using a detector with a limited linear 
range is possible, especially if reproducible valve injection is used. 
The way in which this may be accomplished is by the internal standard 
addition method. 
1.2a (iv) Miscellaneous Parameters 
The following list briefly summarizes other factors which require 
consideration in the development of a detector system: 
mobile phase flow rate effects on noise, drift and response; 
pressure effects on noise, drift and response. 
Band spreading due to cell design and dead volumes-in connectors can 
be a problem and should, therefore, be kept to a minimum by operating 
without pressure fluctuations. 
1.2b Classification of h.p.l.c. Detectors 
Detectors in liquid chromatography are usually divided into two types:-
bulk property detectors and solute property detectors. 
Bulk property detectors measure some property of the mobile phase which 
is affected by the presence of solute, e.g. refractive index. The solute 
property detectors, on the other hand, measure a property of the solute 
which the mobile phase does not possess, e.g. UV absorption at a specific 
wavelength. Practical detectors must be capable of detecting less than 
one part of analyte in 103 parts of eluent. Unfortunately,' because of 
the temperature sensitivity of bulk properties of liquids, and the 
rather small differences between their values for solutes and eluents, 
most bulk property detectors only just meet this requirement. Solute 
property detectors are roughly 10 3 times more sensitive, giving a 
detectable signal for a few nanograms of sample and are, therefore, 
preferred whenever they are applicable. 
1.2c Detectors Currently in Use 
Most detector or monitoring devices for liquid chromatrography have been 
7 
based on the optical or electrochemical properties of the column 
effluent. Such detectors function as spectrophotometers in the ultra-
violet (UV) and visible regions, as fluorimeters, refractometers or 
conductivity devices. Amperometric or coulometric electrochemical 
detectors based on oxidation reactions at glassy carbon electrodes 
4 
have also been developed. Others,utilising the continuous reaction 
of the effluent with a chemical reagent to give coloured or fluorescent 
reaction products,may be coupled to the above established detectors 
to enhance their sensitivity. The remaining h.p.l.c. detectors, some 
of which have recently become available commercially, are.generally 
regarded as experimental and are often limited in their application, 
These detectors may be divided into three groups dependent upon their 
mode of operation:-
(i) 
(ii) 
(iii) 
Production of ions, including photoionization, 
5 followed by conductimetric detection • 
Separation of sample and solvent with detection 
6 
of the sample, as in the mass analyser • 
Production of electromagnetic radiation by a 
number of routes such as chemiluminescence 7 and 
atomic emission 8 The detector described in 
this thesis fits into this last category. 
In the search for a highly sensitive, stable h.p.l.c. detector the 
fluorescence detector has solved some of the problems. However, a 
major disadvantage is the instability of the lamp used to induce 
fluorescence. A further limitation is that a substantial amount of 
radiation emitted from the fluorescent molecules is lost, as only the 
radiation emitted at right angles to the incident radiation is measured. 
(In an attempt to overcome this problem the 2n steradian cuvette was 
patented by Kratos Schoeffel Instruments, incorporated into which is 
an efficient parabolic optical collector). Filters used to cut down 
interference further reduce the signal intensity available for measure-
ment. The detector described in this thesis does not suffer from these 
problems. Through careful design of the flow cell 'and excitation 
source
9
, and optimization of the non-instrumental parameters it has 
become possible to produce a commercially viable detector for h.p.l.c. 
8 
capable of highly sensitive and reproducible detection of a range of 
fluorescent materials. 
Diagramatic representation 
of 2 rr Steradian Cuvette 
Patent: Kratos Inc., 
Schoeffel Instrument Division, 
1.3 Liquid Scintillation Counting 
For many years one of the most sensitive techniques for the detection 
of very small amounts of radioactive material has been liquid scintilla-
tion counting. Scintillations (brief flashes of light consisting of one 
or more photons) may be detected with relatively high efficiency (>30%) 
using a photomultiplier tube and pulse counting techniques. 
Several reports have been published on the fluorescence of organic 
10 
compounds under the. influence of ionizing radiation • Investigation 
of these phenomena has resulted in the development of liquid scintilla-
tion counting as an efficient technique for the detection of ionizing 
radiation. Liquid scintillators revolutionized radioactivity counting 
since the radioactive specimen could be incorporated directly into the 
scintillator solution. This internal scintillation counting method 
allows for activities of different radio-isotopes present in a specimen 
to be determined in ideal spherical geometry, and so high efficiency. 
Every ionizing particle emitted by the sample gives up its energy 
within the scintillation solution producing a corresponding scintilla-
tion signal. The method is more efficient than an external detection 
system, where only a fraction of the ionizing particles are able to 
dissipate their full energy within the detector. 
An organic liquid scintillator consists of a solution of one or more 
fluorescent aromatic solutes in an aromatic solvent into which the 
radioactive specimen is placed (usually in solution). A sequence of 
events occurs by which the energy of the ionizing particle is converted 
into the solute fluorescence emission i.e. the scintillation light flash. 
We will first consider the basics of the luminescence involved. 
Molecules of aromatic compounds are characterized by benzenoid ring 
structures containing double bonds. A double bond is composed of 
bonding a- electrons linking the constituent atoms, and a second 
bond representing a pair of 11 - electrons. These 11 - electrons 
are delocalised and less tightly bound to the carbon atoms than are 
o- electrons and are,therefore,more mobile within.the molecular 
framework. These delocalised 11- electron systems are responsible 
9 
for the near-ultra-violet absorption, fluorescence and phosphorescence 
properties of aromatic compounds. Absorption of ultra-violet radia-
tion by an aromatic molecule M excites its 11- electron system from 
the ground singlet state, 1M0 , to one of the excited singlet states 
lM 1 M - 1M • see Figure 1.1. The excited molecule then l' 2 n' 
undergoes rapid internal conversion (10-13 s) to the lowest singlet 
excited state 1M1 , excess energy being lost through vibration and 
appearing as heat in the surrounding medium. 
Further energy degradation via molecular vibrations is inhibited for 
11- electrons and energy lost in 1M1 + 1M0 radiative transitions 
appears as fluorescence. The probability of this transition is termed 
the quantum efficiency (q) and for aromatic compounds it is defined 
as the ratio of the number of fluorescent photons emitted to the 
number of molecules originally excited. For aromatic solvents such 
as toluene q is less than 0,1 but for the efficient fluorescent solutes 
used in liquid scintillators q approaches unity. 
Consider now the scintillation process in an aromatic solvent M which 
contains an aromatic solute S. The passage of the ionizing particle 
causes ionization and excitation of the molecules of the solvent. 
About 10% of these are in excited 11- electronic singlet states (the 
remainder, which are in excited o- electronic states, dissipate their 
energy thermally and do not,therefore,contribute ·to the scintillation) 
and they undergo rapid(< 10-13 s) internal conversion into 1M1 , the 
lowest excited singlet state of M (Figure 1.2). At this stage excita-
tion migration between the solvent molecules occurs. This process is 
1M n • 
• I 
c:• 
o• 
'§, 
CDI 
i:• 
1M o• u 2 
• 
-. t¥1 
t• 
-· .5•
• 
1M ... : 1 
• I 
I 
r» 
Cl 
:El 
u, 
Cl) :ii· 
c: u 5I c: 0 Cl) I 
~ ~ _, Cl) t¥1 
0 ~ t' 
"' 
0 
.c ::> 
-· .. 
-.. ·~ 1M 0 
Figure 1.1 Schematic representation of 
the fluorescence process in an aromatic 
molecule 
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believed to result from the successive rapid formation and dissociation 
(10-12s) of excited dimers between adjacent excited and unexcited 
solvent molecules. Following this migration,the excitation energy 
of 1M1 undergoes solvent-solute energy transfer to 
1S0 , the solute 
molecule, whereby it produces the excited state species 1S1 • If the 
molar concentration of S is sufficiently high the energy transfer 
quantum efficiency is of the order of unity, so that practically all 
the excited solvent molecules transfer their energy to the solute, 
rather than dissipating it by the competing processes of solvent 
internal quenching or solvent fluorescence. The solute fluorescence, 
which occurs with a high quantum efficiency qs' represents the 
scintillation emission of the binary solution. 
The basic process described above has been proposed as a detection 
technique for the determination of fluorescent species in solution. 
It has been demonstrated that by using a standard radioactive source 
a sensitive, quantitative detection technique for fluorescent com-
pounds in low concentrations is availabie 11 ' 12 ' 13 • The natural 
decay of a radionuclide,as the source of excitation energy, has been 
used to induce fluorescence from components in the eluent of a 
liquid chromatograph. Three major forms of radioactive decay exist: 
alpha, beta and gamma; the most attractive for work in which the 
radiation should penetrate a liquid for distances of the order 
associated with microlitre volumes (i.e. ca.1mm) is 13- decay. 
This technique is called Beta Induced Fluorescence, BIF, and the 
principle of the technique is outlined schematically in Figure 1.3. 
1.4 The Principles of Beta-Induced Fluorescence 
13 particles, produced by the decay of a radioisotope are allowed to 
enter a small-volume flow-cell through which the eluent from a liquid 
chromatograph is passing. Any luminescence excited from constituents 
of the eluent is detected by a photomultiplier tube which continuously 
monitors light emission from the flow-cell; The wavelength of the 
detected photons may be selected by placing a monochromator or an 
optical filter between the flow-cell and the photomultiplier tube12 , 
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Figure 1.3 Beta particles emitted during the decay of the radioactive source enter the sample region where 
they may give rise to the emission of photons from fluorescent materials. 
as in conventional fluorimetric detectors 14 (although there is no 
direct control over the excitation energy analogous to that avail-
able in normal fluorimetry). In a BIF detector system energy is 
transferred from a radioactive source to a liquid solution as a 
result of a- particles escaping from the source and entering the 
liquid. The fate of the energy deposited in the solution depends 
almost entirely on the properties of the solution, and this aspect 
will be considered in section 1.5. 
11 
The amount of energy deposited in the liquid is a function of the 
nature of the radioactive source and the physicial properties of the 
barrier between the decaying radionuclide and the liquid. It also 
depends on the detailed design of the flow cell,particularly the path 
length avail~ble to the a- particles. Unlike the a and y radiations 
emitted during some radionuclide decays 15 , a- particles are not emitted 
with discrete energies, but rather with a range of energies varying 
from zero to a maximum value, Emax. which is different for different 
radioisotopes. Figure 1.4 shows the distribution of the kinetic 
energies of the a- particles emitted during the decay of a typical 
a- decay nuclide, 14C. Note that the mean a- particle energy 
- 1 -E ca. 3 Emax• a relation which holds for most a decay nuclides. The 
~ax values of a number of a- decay radionuclides are shown in 
Table 1.1 along with their decay half-lives 16 and the (theoretical) 
maximum achievable specific activities. To obtain a high sensitivity 
from a BIF detector it is clearly desirable that fluorescence detected 
from eluted materials should be recorded against a dark background, 
and for this reason those nuclides with an Emax which lies signifi-
cantly above the Cerenkov threshold 17 for a- particles in the chroma-
tography eluent are unlikely to be useful as BIF sources. For the 
eluents of importance in h.p.1.c. only those radionuclides which emit 
a- particles with energies of no more than ea 0.25 MeV may be used. 
Even then at this energy some Cerenkov radiation will be detected for 
liquids having a refractive index >1.4. 
The rate at which energy is deposited in the liquid phase, Eo, may be 
represented by the following equation:-
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Figure 1.4 Schematic representation of the energy spectrum of 8- particles emitted during the radioactive decay of 1 ~C. 
Table 1.1 
Properties of some a- decay radionuclides 16 
Nuclide t! Emax maximum specific 
activity 
/yrs /keV /Bq g-1 
3H 12.5 18 3,5 X 1010 
14c 5730 156 1.6x lOll 
32p 0.038 1700 1.1x 1016 
35g 0.23 167 1.6x 1015 
4sca 0.45 255 6,5 X 1014 
&sr:u 100 63 2.1 X 1012 
goSr 30 500 & 2000 4,9 X 1012 
147pm 2.5 230 3,6 X 1013 
12 
. . 
E0 (t) = gN(t)f(E0 ,r~,p 1 )h(E,r 2 ,p 2 )E (1.5) 
Where N(t) is the rate of decay of the N(t) atoms of the radionuclide, 
and depends on the age, t, of the source, g is a geometric factor which 
represents the fraction of s- particles emitted from the source which 
could enter the liquid: f(E
0
,r 1 ,p 1 ) is the barrier factor, which is 
the fraction of the a- particles' energy not absorbed by the barrier 
(thickness r 1 density p1 ) separating the decaying nuclide from the 
liquid phase; h(E,r 2 ,p2 ) is the path length factor, which is the 
fraction of the a- particles' energy absorbed by the liquid 
(density_p2 ) in the available path length (source to wall or window), 
r 2 , and E is the mean energy of the beta particles which have got 
through the barrier. 
The designs of BIF cells previously reported 11 • 12 always involve 
g :> 0.5 .• Although g could be increased beyond 0.5 the design difficul-
ties which arise in attempting such an improvement are formidable, 
so it will be assumed that g = 0.5. The range of s- particles with 
energies <0.25 MeV in liquids of p2 ea. 1 is <0.5mm, and in most 
practical flow cell designs the available path length is likely to 
-be sufficient to allow us to assume h(E,r 2 ,p2 ) is ea. 1. 
By introduction of the radioactivity decay lawlS equation 1.5 may be 
rewritten as 
(1.6). 
Where N0 = initial activity of radioactive source and tt = half-life 
of radionuclide. 
The time dependence of the energy deposition rate is provided by the 
exponential factor, and clearly E0 (t) declines as the source decays. 
If a rate of decline in the sensitivity of the detector (which for 
the moment will be assumed to be directly proportional to the rate 
of energy deposition within the flow cell) of 1% per month is accept-
able, then a radionuclide with a half-life of little over 1 year may 
be selected. However,if a rate of decline in detector sensitivity 
of 1% per year is required,then the radionuclide source must have 
13 
t! > 70 years. One of the advantages of a BIF detector.is that its 
long-term response to a specif~ed sample is related to E0 (t), which 
may always be calculated from E0 (0) using the following equation:-
= (1. 7) 
From the above considerations it is clear that 63Ni and 147Pm are 
likely to. be the most attractive beta sources for use in BIF. 
The final factor of equation 1.5 requiring examination is the barrier 
factor, f(E 0 ,r 1 ,p1 ). Whether or not a physical barrier between the 
B- emitting radionuclide and the solution in the flow cell is required 
is a debateable point, as it may well prove possible to fabricate an 
uncovered source which does not dissolve to any measureable extent 
in the eluent which flows over the source during normal use. However, 
the increasing importance of the safety aspects of laboratory equip-
ment does suggest that there may be considerable difficulty associated 
with the marketing of a detector which could release significant 
quantities of radioactive material as a result of a minor operator 
error - such as the use of an eluent in which the radionuclide was 
soluble 11 • It,therefore,seems likely that some kind of barrier should 
exist between the radionuclide and the liquid phase in any practical. 
beta induced excitation source. 
If we consider the barrier to be a sheet of material of density p 1 , 
and whose constituent atoms have a mass number and an atomic number 
of A and Z respectively, then from the Bethe 16 equation we may write 
the stopping power of the barrier for electrons as:-
-dE 
-= 
dX 
Z11e 4 p,NLZ 
m v2 A 
0 
- ln 2(211-!3 2 
Where N1 = Avogadro's constant 
E = energy of the electron of velocity v 
= rest mass of an electron 
(1.8) 
14 
e = charge of an electron 
and 
The stopping powers of silver foil (p 1 = lOgm cm-3) for the maximum 
energy and mean energy S- particles emitted during the decays of 63 Ni 
and 147Pm are given in Table 1.2 along with the ranges of those a-
particles in silver. The 147Pm source used recently12 in a BIF 
system was protected with a Sum silver foil barrier, for which the 
mean fractional energy loss of a- particles is ea 0.2 so that 
f(75, 5, 10) ca.0.8. A 63 Ni source protected in the same manner 
would have f(22, 5, 10) .ea. 0.06, so that from equation 1.5 it follows 
that such a 63Ni source is approximately two orders of magnitude 
less efficient at depositing energy into the flow cell than a 1 47pm 
source of the same activity (for t = 0 in both cases). 
The values of f(E 0 ,r1 ,p 1 ) for both isotopes could be increased by 
the·use of thinner barriers or by the use of lower atomic mass 
material for the fabrication of the barrier. However, thinner 
barriers may not be capable of satisfactorily protecting the source 
unless the radionuclide is in a less soluble form than the carbonate 
presently used for the· 147Pm source. ·Furthermore, thinner foils 
are more difficult to make non-transparent and a number of glassy 
or resin-based a sources also emit visible light. Lower mass 
number materials, such as Al or Fe, would be attractive, although 
there could be difficulties with their long term corrosion resis-
tance in some media. 
1.5(a) The Mechanism of BIF 
Once the a- particles have entered the liquid phase they lose energy 
and give rise to the creation of ionised and excited molecules 
through both primary and secondary mechanisms. The processes involved 
have been extensively studied because of their relevance to the liquid 
scintillation counting of radionuclides15' 19 • Therefore, to provide 
for a clearer understanding of beta induced fluorescence the follow-
ing "pictorial" interpretations of the liquid scintillation·process 
will be discussed before detailed theoretical considerations and 
13 
230 
75 
67 
22 
Table 1,2 
Stopping powers and mean ranges for B- particles 
particle energy 
(keV) 
-(E for 147Pm) 
(E for 63 Ni) 
max 
(E for 63 Ni) 
Ag stopping power 
(keV/J..I!II) 
2 
3.5 
4 
13 
mean range 
in Ag 
(Jlm) 
53 
11.4 
8.9 
2.1 
15 
experimental observations are presented. 
The scintillation process can be divided into two stages involving: 
(i) Primary processes:which correspond to the translocation of 
energy from the ionizing radiation to the solvent thus generating 
excited solvent molecules. (The concentrations of the solute, 
ie. analyte S, are normally sufficiently small that direct 
excitation to 1S1* can be neglected). 
(ii) The secondary processes:which compete for the energy of the 
excited solvent molecule. Figure 1.5 gives a simplified 
representation of the more important events. As can be seen 
from the diagram, products formed along the particle track 
include ions, excited molecules, free radicals and secondary 
electrons. 
l.Sa (i) The Primary Processes:- Solvent Molecules 
and their Excitation 
Two main modes of excitation are possible: 
Direct excitation 
f3 ** + lMo ·~:- .. 
-------- .. · .. 
la ,. 
lb ... 
le···· 
le • 
Excitation via ion recombination 
2M+ 1f __ .,. 
2M+ ..J.g__.,. 
e + 
2M+ __lh_.,. 
1Mo 
__!!_.,. 
FR+ _lj__ .. 
lM ** 
n 
3M ** 
n 
.. (J ** 
FR++FR-
1 
Mn** 
3M ** 
n 
(J ** 
2M-
FR 
I I I t 
---+ 
hv 0 0 0 0 
· e-t-00 o o ~ ~~ ~ o Jo o o o l...a o o 2 
o o l,oo ooo o oo~ 
o / o io o oo*-+o ~ o rr· o o o o 0 o ~ 0 0 + 1111 I 
1111 · 111 
0 1111 0 0 0 * 0 • 0 : 
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0 0 0 0 0 0 
hv 
Path of primary electron 
Resonance and diffusion transfer 
emission of photon 
secondary electron 
0 solvent molecule 
e excited solvent molecule 
e• ionized solvent molecule 
0 solute molecule 
• excited solute molecule 
* quench molecule 
Ill local heating 
~ excimer or self quenching 
Figure 1.5 Diagramatic representation of events occurring 
during the scintillation process. 
Where S** is a beta-particle with initial kinetic energy 
S* is the same beta-particle lower kinetic energy:after the event 
1M0 is the singlet ground state solvent molecule 
1M ** is the solvent molecule excited to singlet n state 
n 
3
M ** is solvent molecule excited to triplet n state 
n 
FR+, FR- positive and negative fragments 
o** solvent molecule excited to o - electronic states 
The triplet states are produced when the electron spin is reversed 
during the excitation process. 
Excimer formation 
The molecular ions produced from processes 1d and 
excimer (excited dimer) formation. The following 
possib1e 21 :-
2M+ + 
+ 
+ 
+ 
+ 
zM_ 
2M-
tM 
e-
e-
lk 1 D** 
11 3D** 
lm zD+ 
ln lD** 
lo 3D** 
1i make possible 
mechanisms are 
Where 1D** is excimer solvent excited to n singlet state 
3D** is excimer solvent excited to n triplet state 
2
D+ is an excimer cation - observed in aromatic hydrocarbons as a 
radiation product in low temperature solutions~ 2 
1.5 a (ii) Secondary Processes. Internal conversion 
16 
The solvent monomer and excimer species discussed above undergo rapid 
17 
(ea. 10-13 sec) internal conversion into 1M1* 3M1* ; 1D1* 3D1* 
the lowest excited singlet or triplet state of the species. In order 
to simplify further discussion it will now be assumed that the rate 
f d · f 1M * . . b o pro uct1on o 1 1s g1ven y:-
d [ 1M1*l 
dt 
1 
= ko [ M ] 
and that this equation incorporates all of the primary processes 
involving ions and higher energy states. Discounting the presence of 
solute or quench molecules, the internally converted solvent molecules 
may undergo any of the following transformations:-
1 1 
M1 + Mo 2 
1 
. Dl 
lMl 3 lM h\1 F 0 + 
1 4 1 M1 Mo 
1 3 
Ml 5 
' 
Ml 
lDl ~ 
' 
3M 1 + 
1 
Mo 
1D1 7 2 1Mo + h\1 F 
1 
D1 8 
' 
2 
1 
Mo 
1 
D1 9 
' 
3
D1 
3 3
M1 1Mo D1 J 0 > + < 
3 1 
Dl 11 I 2 Mo + h\1 p 
3 1 
D1 1 2 I 2 Mo 
3Ml 13 I lM + h 0 \1 p 
3 
Ml 1!1: 
' 
lM 
0 
Equation 2 represents the further assuMption that the singlet dimer 
and singlet monomer species are in equilibrium. The processes may be 
grouped according to whether they.are radiative or non-radiati ve. 
1 
----+Mo 
2 
Non-Radiative 
18 
1 1
Mo M1 3 l + hvF 
3 1
Mo 
Radiative 
M1 13 l + hvP 
3 1
Mo M1 + 
6 
1D1 2 
1
Mo 
~ Non-Radiative 10 3 1 3D 1~ M1 + Mo 12 1 
2 Mo 
1 7 1 D1 2 Mo + hvF 
3D 1 Radiative 11 l 2 Mo + hvP 1 
These processes form part of the kinetic equations scheme presented 
as Table 1.4. 
1.5 a (iii) Fluorescence of solvent molecules 
1 1 
The scintillation emission which originates from M1 and D1 by the 
above sequence of events occurs within a few tens of nanoseconds for 
most aromatic solvents, and is known as the fast scintillation component. 
On the other hand, the scintillation emission occurring due to the 
3
M1 -
3
M1 collisional interaction and 1vhich yields either 1M1 or 
1D1 
takes place over a few microseconds and constitutes the delayed 
fluorescence or slow scintillation component. The relative intensities 
of the fast and slow components depend on the specific ionization of the 
ionizing radiation. With beta-particle excitation, the intensity of 
the slow component is relatively small (typically <10% for toluene) and 
in the presence of oxygen is quenched. 
1.5 a (iv) Energy transfer and fluorescence 
Under the conditions of the system studied in this work it is known 
1 1 1 2 3 
that the energy transfer occurs from M1 and D1 to produce S1 
Within a binary system a number of processes compete for the energies 
of the excited singlet monomer and dimer species, 1M1 and 
1D1• The 
processes available include solvent excitation migration, solvent-
1 (a) 
2 
3 
4 (b) 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
Table 1.4 
Basic processes involved in BIF 
IS*+ Q---
3S* + Q 
M 
2M 
assume d1M* = k0 (M] formation 
dt 
Notes 
(a) A multi-stage process 
involving ions and higher 
excited states. We assume 
that the rate of this pro-
cess= ko[M], where 
ko = f(E0 (t)). 
2M + hv 3 (b) Treated as unimolecular 
for simplicity. In practice 
processes involved are large-
ly bimolecular, but relative-
ly insensitive to the nature 
of the collision partner for 
solvents of interest in this 
work. 
2M 
M 
M+ Q 
2M +Q 
S + hv 5 
s + Q 
s 
s + Q 
s 
1S* + 2M 
solute energy transfer and solvent fluorescence. In some ternary 
systems, however, a further solute-solute energy transfer process 
becomes possible. For beta induced fluorescence it is the former 
19 
processes which are the more important. 
in addition to the processes outlined in 
If we consider Figure 1.2, 
transfer, both 
1 1 
radiative M1A ---+ M08 
the basic solvent-solute 
and non-radiative 
1 1 
M1A----+- M1B energy migration between solvent 
Such processes are important since they 
molecules may take 
increase the mobility place. 
of the solvent excitation energy and hence increase the efficiency 
of the solvent-solute energy transfer processes 
1M* 1So kl7 1S* 1 + + Mo . 1 1 
1 * 1 hv 1 * 1 and M1 + So s1 + Mo 
The mode of non-radiative migration depends on the nature_ of the 
solvent and is believed to be a combination of solvent-solvent reso.nance 
interaction and thermal diffusion of molecules. 
Birks-Conte Model 
Rapid excimer formation and 
mechanism proposed by Birks 
dissociation provide the basis of the 
24 
and Conte for the efficient migration 
of solvent excitation energy e.g. 
+ ---+ + 
Subscripts A and B referring to different solvent molecules. 
25 Voltz Model 
The Voltz model suggests that there is an actual "jump" of energy from 
the excited solvent molecule to one of its unexcited neighbours 
+ + 
+ + 
These solvent-solvent interactions take place until one of the mole-
cules interacts with a solute molecule and energy-transfer from solvent 
to solute occurs. 
20 
l.Sa (v) Solvent-solute energy transfer 
l 
When the fluorescent solute molecule in its ground state S0 
energy from the lowest excited state of the solvent ·molecule 
accepts 
lM * l. 
l * and its dimer, D1 , the processes may be represented by:-
+ 17 lsl* 
l 
+ Mo 
+ 25 
1St* + 21M 0 
The mechanisms via which such reactions occur have been attributed to 
three main pathways: 
Dipole-dipole interaction (non-radiative transfer). 
Radiative energy transfer. 
Molecular collision energy transfer. 
The dipole-dipole model relates the degree of overlap of the fluor-
escence spectrum of the donor molecule (solvent) and the absorption 
spectrum of the acceptor molecule (solute) to the energy transfer. 
In all binary scintillator systems the molecules of S are chosen 
l * l * such that their 1st 1T - singlet excitation energy S1 < M1 
Hence the excitation energy that is transferred from M to S is 
"trapped", the excess vibrational energy being dissipated thermally, 
1 * producing a molecule of S with S1 excitation energy. The molar 
absorptivity of the solute over the region of spectral overlap is 
related to the probability with which energy transfer may occur. 
The rate of energy transfer (k17 ) being inversely proportional to the 
sixth power of the distance (R 6 ) and directly proportional to an 
orientation factor. These may be represented mathematically as follows:-
= 1 
To 
(1.9) 
ie.the rate of energy transfer k17 when the donor and acceptor mole-
cules are separated by a distance R. R0 can be calculated using the 
following equation:-
= 
"' 
(9000 ln 10)K2 I 
5 ~ 1281T n N 
0 
dv 
-~ 
V 
( 1.10) 
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Where <o is the radiative decay time of the donor molecule, K an 
orientation factor, n the refractive index of the solvent, N 
Avogadro's number, F0(v) the spectral distribution of the fluorescence 
emission of the donor molecule and e:A(v) the molar decadic absorp-
tivity of the acceptor molecule. The equations predict that when the 
.. * 
energies of the TI orbitals of M and S are close and their geometrical 
orientation is such that they are able to overlap, the probability of 
energy transfer is high. 
Radiative energy transfer is believed to occur via photon absorption26 • 
Where the solvent has a high quantum yield and an emission spectrum 
which coincides well with the solute absorption spectrum the probab-
ility of radiative transfer increases. A further mode has been sugges-
ted by Birks27 : that of collisional interaction. He has shown that 
the rate parameters of energy transfer to a solute or quench molecule 
are identical and independent of the nature of the solvent. 
A discussion of solvent-solute energy-transfer processes with recently 
obtained results has been given by Warwick28 • 
1.5 a (vi) Solute Fluorescence 
The result of energy transfer from the excited solvent molecule to 
the solute molecule is electronic excitation of the latter into higher 
1 
singlet states, S • 
n 
occurs rapidly (1Q-13 
Internal conversion into 1S1 excited states 
- 1Q-14 s • ) and thermal degradation of excess 
vibrational energy results in the excitation residing in the lowest 
1 
vibrational state of s1. 
Several processes compete for the energy of the excited solute mole-
cule:-
1s * 1 
1S1* 
1s1* 
1S1* 
as * 
3s * 
as * 
+ 
+ 
18 
Q 19 
20 
21 
Q 22 
23 
24 
S + livF fluorescence 
s + Q singlet quenching 
3Si intersystem crossing 
s internal conversion· 
s + Q triplet quenching 
s + hvP phosphorescence 
s ISC/IC 
26 
27 
self quenching 
excimer formation 
22 
Intersystem crossing leading to triplet formation (20) may result in 
phosphorescence (10-5 - 10-3 s) (23) or the solute ground state (24). 
Howeve~ as phosphorescent emission is relatively weak at room 
temperature it will not be considered further. 
The fluorescence spectra of the solute and solvent are not mono-
energetic and the emission ene~gies of the photons cover a wide band 
which correspond to the various transitions possible from the lowest 
vibrational state of 1S1 to the different vibrational levels of 1S0 • 
The absence of luminescence, ie.transitions from energy states higher 
than 1S1 , is attributed to the efficient and rapid (10-13s) internal 
conversion into 1S1 of 1Sn states. It has already been stated (see 
energy transfer and fluorescence) that beta induced fluorescence 
results from transitions between the first excited singlet state and 
the ground state singlet levels. Confirmation of this is obtained 
from the fluorescent wavelength distribution, which, following beta-
particle excitation is identical to the fluorescence resulting from 
direct solute u.v. excitation 29 • 
1.5 a (vii) Beta Induced Fluorescence Quenching 
Throughout the previous discussion the assumption was made that no 
impurities were present which could reduce the photon yield from the 
fluorescing solution. Compounds which may act in this way are termed 
quenchers and are molecules,which on colliding with an excited solvent 
or solute molecule,dissipate the ~-electron excitation energy. 
Quenchers are classified according to the probability of quenching 
occurring as a result of a collision with an excited molecule. 
Table 1.3 
Strong Quenchers 
RBr 
R-SH 
R-'COC02R 
R-CO-R 
R-COX 
R-NH-R 
R-CHO 
R2 N-R 
RI 
R-NO 
2 
02 
Classification of Quench Compounds 
Mild Quenchers 
RCl 
RCOOH 
RNH 2 
R-CH =CH-R 
R-S-R 
Diluters 
RH 
RF 
R-0-R 
(R0 3 )PO 
R-CN 
R-OH 
R-COO-R 
23 
N.B. Diluters exert their action by diluting the primary solvent and 
thus reducing the population of excited solvent molecules. Radiation-
less deactivation of excited solvent and solute molecules may be rep-
resented by the following reaction schemes:-
1M* 1 + Q 1M 0 + Q 
1D* 1 + Q 16 21M 0 + Q 
1S* 1 + Q 1So + Q 
3S* 1 + Q 1g 0 + Q 
Q represents the quench molecule and D, S and M are as previously 
stated. 
Dynamic collisional quenching 
In this model, molecules are assumed to approach each other such that 
charge-transfer occurs. The formation of transient exciplexes,which 
subsequently dissociate into free radicals,afford mechanisms whereby 
energy may be lost according to the ·above radiationless processes. 
24 
The formation probability of such complexes is greater the lower the 
ionization potential of the donor (excited solvent or solute molecule) 
and the higher the electron affinity of the acceptor (quencher). It 
will be seen in later chapters how the effects of quenching are re-
duced to a minimum in order to enhance the beta induced fluorescence 
signal (see Chapter 3 for the effect of oxygen quenching). In Chapter 
4 the utilization of quenching as an extension to the normal mode is 
presented as a means of detecting materials in a h.p.l.c. eluent. 
1.5 (viii) Theory 
However, having considered thedetailsof the liquid scintillation 
process, the rate processes ,involved in beta induced fluorescence 
do differ as a result of the very low concentrations of fluorescent 
material likely to be involved in the chromatographic system. In 
particular it should be noted that single photon emissions occur under 
normal sample/solvent conditions. 
The elementary processes18 • 19 • 30 requiring consideration in the BIF 
system are collected in Table 1.4 where it will be noted that although 
solvent excimers, D, have been considered, excimers and exciplexes 
involving the fluorescent sample have not been taken into account. 
While such species are important and of considerable theoretical 
interest, their intervention would not alter the conclusions to be 
drawn from the kinetic equations which follow from the simplified 
scheme of Table 1.4. 
As the S- particles enter the liquid phase they deposit their energy 
by causing ionization and electronic excitation of the molecules form-
ing the bulk of the liquid (solvent molecules, M). 
The direct excitation of the sample molecules, S, will be ignored as 
these are likely to be a very small proportion of the total. On con-
sidering the (relatively) non-polar solvents which have been used for 
normal phase chromatography with BIF systems, (eg.hexane, toluene etcJ 
the ions initially formed will capture electrons producing highly 
excited solvent molecules which rapidly (<I0-11s) relax to the lowest 
25 
excited singlet state (1), 1M*. These molecules may themselves 
fluoresce (3), transfer their energy to quencher species19 ' 31 (such 
as oxygen) (15) or to the sample species (17), or may undergo an 
intersystem crossing to yield a triplet species (5). Alternatively 
these excited molecules may indulge in the reversible process of 
excimer formation (2) or undergo a radiationless transition to the 
ground state (4). The processes of fluorescence (18), quenching 
(19), relaxation (21) and triplet formation (20) may also occur to 
excited sample molecules formed by (17 and 25). Any of the triplet 
species formed may phosphoresce (11, 13 and 23) or be quenched 
(eg.22) or relax to the ground state (12, 14 and 24), these latter 
processes being written as unimolecular for simplicity, although they 
undoubtedly may also involve ·bimolecular interactions with non-
specific partners. 
Under the conditions which apply in the BIF detector, phosphorescent 
emissions may be neglected and the rate of photon emission, when 
eluent alone passes through the flow-cell,may be written 
p = 
m + (1.11). 
The rate which applies when a luminescent sample species is present 
becomes 
= p 
m + 
k [ 1S*] 18 + ( 1.12). 
For most of the materials likely to be of importance in BIF systems 
the final term in Equation 1.12 may be neglected. For both of the 
above equations the concentrations of the excited state species may 
be written by equating their rates of formation with their rates of 
decay, 
= 
(1.13) 
where we assume k30 is approximately constant over the ranges of [Q] 
and [S] of interest (ie.<10-3M) and 
k2 (k6+k 7+k8+k9+k 16 [Q]+k25 [S]) 
[ lD*] = 
(k +k +k +k +k +k [Q]+k [S]) 
-2 6 7 8 9 16 25 
[ lS*] = 
(k [ 1M*] + k [ 1D*] [S]) 
17 2 5 
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(1.14) 
(1.15), 
Substituting these values for [ 1M*], [ 1D*] and [ 15*] into equations 
(1.11) and (1,12) we obtain 
(1.16) 
where 
= 
and 
Ps = ----------------------- ( 1.17) 
where 
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Equations (1.16 and (1.17) in conjunction with equation (1.5) contain 
the information necessary for an understanding of the properties of a 
BIF detector, and may be used for deriving expressions for responses 
and signal-to-noise ratios for the detector operating in normal BIF 
mode. Before developing.these expressions it is useful to check the 
validity of this approach by comparing the photon emission rates 
predicted by (1.16) and (1.17) with experimental values. The relevant 
rate constants 19 ' 30 for toluene and anthracene (as solvent, M, and 
sample, S, respectively) are collected in Table 1.5. Photon detec-
tion rates calculated from Equation (1.16) assuming an average photo-
cathode quantum efficiency of 25% and k0 = 4.0 x 108 s- 1 , for deoxygen-
ated (ie.[Q) ea. 0) toluene/hexane mixtures as a function of composi-
tion, are shown in Figure 1.6 along with the experimental values ob-
tained using the experimental prototype system. If Equation (1.16) 
is used to estimate the photon detection rates from air-saturated 
toluene ([0 2 ) ea. 2.5 x 10- 3M) and 1% toluene/99% hexane 
([02 ] ea. 5 x 10- 3M) figures of 1.11 x 105s-1 and 3.75 x 104s-1 
respectively,obtain which are in good agreement with the experimental 
values of 1.02 x 105s-1 and 3.57 x 104s-1 respectively. 
When the data of Table 1.5 is applied to Equations (1.16) and (1.17) 
it is found that, for a 50ppm solution of anthracene (ie.[S]ca.2.8 x 
10-4M) in deoxygenated toluene, Pm drops from 4.72 x 105s-1 to 
3.55 x 105s-1 , and Ps becomes 7.36 x 105s-1 , a ratio of Ps/Pm = 2.07, 
in good agreement with the experimentally determined ratio of 1.9 + 0.2. 
1.6 Theoretical Chromatographic Responses for BIF 
.The electronic equipment associated with a BIF detector converts the 
photon detection rate into an analogue signal which may be transferred 
to a chart recorder. While in practice the quality of the recorded 
chromatogram will depend on a number of factors, such as the column 
Table 1.5 
Parameters for processes involved in BIF photon emission 
from Toluene and Anthracene 
Toluene (M in Table 1.4) 
k2 = 5.1 X 1010 M-1 s-1 
k2 = 9.2 X 1011 s-1 
k3 4 X 10 6 s-1 
(kl6) = klS 5.7 X 1010 M-1 s-1 (for Q = Oxygen) 
Ck2s) = k17 5.2 X 1010 M-1 s-1 (for S = Anthracene) 
ks 107 s-1 
kl3 "'10-1 s-1 
k4 3 X 10' s-1 
• k14 >10" s-1 
k, -v10• s-1 
Anthracene (S in Table 1.4) 
k2o 5 X 107 s-1 
k1e 5 X 107 s-1 
k23 -v106 -1 s . 
k19 10• o W1 s-1 
k21 -v107 s-1 
-I 
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"'-calculated 
"-.....observed 
Calculated and observed photon detection. rates from 
deoxygenated toluene/he.xane mixtures as a function 
of toluene.molarity. Calculated values obtained 
after fitting observed values to Equation 1.16 to 
4 OB -I d k 20 obtain ka = .0 x 1 s an 30 = • 
toluene molarity 
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efficiency and the dead volumes of the system,it is sufficient here 
to consider a chromatographically idealised system in which the detec-
tor response to a sample, S, is equated with the peak height recorded 
as that sample elutes. Thus the BIF response, RB(S), may be written 
as the difference between the photon detection rate recorded at the 
peak and that recorded from eluent alone, ie: 
( 1.18) 
where ds and dm are the detection efficiences for photons emitted by 
the sample species and the eluent respectively. [Note that Pm is a 
function of [S] as shown by Equation (1.161]. 
The appropriate expressions for Pm and Ps could be taken from Equations 
(1.16) and (1.17) directly, although it ·is convenient to simplify these 
equations in ·the light of practical BIF chromatographic detection. As 
considerable care is normally exercised in selecting solvents which 
are free of quencher impurities and as such solvents are generally 
deoxygenated before use, it seems reasonable to set [Q] = 0 in this 
calculation. This allows us to rewrite Equation (1.18) as 
RB(S) ko[M] {ds(kl7+k32[M])kla 
=(k3o[M]+l)(k3+k 4+k 5+k17 [S]) k18+k20+k21 . 
(1.19). 
Of more value in judging the potential of BIF than the signal magnitude 
is the signal-to-noise ratio associated with the detector's response 
However, it should be noted that Equation (1.19) does confirm the experi-
mental observation that the recorded signal (ie.peak height, RB(S)) is 
directly proportional to the sample size 12 • This linear relationship 
holds for small samples, where k17 [S]<<k 3+k 4+k 5 (generally for S<l0-4M), 
because the sample size is, in this idealised chromatographic system, 
proportional to the peak [S] in the detector flow cell. (This relation-
ship will,however,fail if the concentration [S] becomes sufficiently 
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large for either self-quenching or process 12 to become significant. 
Such a failure occurs for pyrene samples at [S]>10- 4M ). 
Noise, in the context of a BIF chromatography detector, is of the 
noise-in-(background) signal variety, 30 • 32 and results almost entire~ 
ly from the random nature of the radioactivity decay process 15 of 
the e- source and the consequent photon detection rate. Other noise 
sources may be made negligible by suitable electronic design, and 
noise-in-(peak) signal will not be considered separately as it will 
be small for the large peaks and equal to the noise-in-(background) 
signal for very small peaks. The noise in the background signal may 
be taken as the root variance, am, in the photon detection rate, Pm• 
and is given by: 
= 
(1. 20) 
where r0 is the PMT dark signal, PB is the photon emission rate of 
the cell in the absence of fluorescent eluent, dB is the detection 
efficiency of such photons and T is the characteristic time of the 
photon detection system - given by the sampling time if single photon 
counting is used or by 1/2 (with 1 = RC) if RC current integration 
is used 3 2 • 
While the absolute value of the statistical noise may be reduced by 
increasing the characteristic time, T, of the detection electronics, 
an upper limit to T (which also determines the response time of the 
detector) is generally set by chromatographic requirements, and in 
practice T ;;; ls. 
From Equations (1.19) and (1.20) it is possible to write the (peak 
response) signal-to-noise ratio for normal BIF operation as: 
am 
= 
{ 
dsk18 (k 17+k 32 [M]) 
k1 e+k2 o+k21 
dmk 17 (k3+k 31 [M]) } 
k3+k4+k 5 
(1.21). 
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Consideration of Equation (1.21) allows the determination of the 
conditions required to achieve good detector performance in terms 
of signal-to-noise. In practice the limit of detection may be taken 
as that value of [S) which gives rise to a signal-to-noise ratio of 
2, and this value will generally be sufficiently small that 
k17 [S) << (k3+k4+k 5 ), so that Pm(S) ea. Pm(O). 
Furthermore, as for conventional fluorescence detector systems, the 
sample species, S, is generally highly fluorescent compared with 
the solvent, M, so that the second term in the difference bracket 
of Equation (1.21) is small compared with the first term. For these 
reasons a near "sample-independent" limit of detection for highly 
fluorescent species may be written as: 
2 [ k3+k31 (M] ] [ 
.. 
. ;. 
[S)min = In+ dBPB + dmPm(O)] . 
dsPm(O) k17+k 32 [M) T 
(1.22). 
Even this simplified form shows some ;ample dependence through k17 
which has been found to vary slightly for different sample materials. 
1.7 The Scope of this work 
At i:he start of this work the detection limitwitha 40 MBq 147Pm-
based BIF detector using the flow cell design referred to in 
Chapter 2 was ea. 2 ng for highly fluorescent materials in hexane/ 
toluene eluents 12 • If the eluent emission could be totally elimi-
nated this limit would fall to ea. l.ng, and if the spurious signal 
(largely from Cerenkov emission) could also be eliminated, the limit 
would further decline to ea. 360 pg. Only at this stage would there 
be much advantage gained from using a photomultiplier tube with a 
lower dark emission, although, as a 2 inch photocathode was used in 
the system referred to, a further improvement by a factor of three 
should be easily available by this means. 
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An order of magnitude improvement in sensitivity (i.e. detection limit 
200 pg) should be achievable with the present design by incorporating 
a 4 GBq 1 ~ 7Pm source (ea. 0,1 mg of 1 ~ 7Pm), as all the source depen-
dent terms in Equation (1.22) should rise by a factor of 102 , while 
the noise term rises less sharply on taking the square root. However, 
if the contribution from eluent emission and spurious signal could be 
made significantly smaller than the dark signal of the photomultiplier, 
then the improvement gained from increasing the source activity as 
described approaches two orders of magnitude (i.e. detection limit 
< 2 pg). The use of 63 Ni as an alternative e- source does offer the 
absence of Cerenkov emission from any eluent material and a longer life-
time for the source. However, the price paid for these advantages lies 
in the lower rate at which energy may be deposited in the flow cell for 
a given source activity, and the greater difficulty in finding a physical 
barrier to protect the source which will allow this energy to reach the 
flow cell. 
The Aims of the Present Work Were: 
(1)· the development of an improved BIF detection system for h.p.l.c. 
(2) the development of an analytical application for the new detector. 
The approach taken in achieving the first of these aims is described 
in Chapter 2 where the design and construction of a prototype BIF 
detector system is detailed. 
In Chapter 3 the properties of the new detector are evaluated, while 
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in Chapter 4 an extension to BIF (quenched BIF) is described. The 
second aim of the work was achieved by the development of a method 
for the analysis of poly-nuclear hydrocarbons in waste and natural 
waters, and by the use of BIF detection for the determinations of 
o-phthalaldehyde derivatives of selected amino acids. These appli-
cations are described in Chapter 5. 
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CHAPTER 2 
Development of a Practical Detector System 
2.1 Introduction 
The essential elements of a BIF detector are shown schematically in 
Figure 2.1. The emission from the BIF flow cell consists of photons 
which are transmitted by the window material into a photomultiplier 
tube; the rate of photon emission is found to vary with the concentra-
tion of fluorescent material passing through the cell. Even in the 
intended absence of fluorescent materials some "background" photon 
emission occurs, arising from the eluent's fluorescence, from the 
window's luminescence and, possibly, from the Cerenkov effect33 for 
systems in which high energy s- sources are used. This background 
may be reduced by placing an optical cut-off filter12 between the flow 
cell and the photomultiplier tube; the cut-off wave-length of this 
filter may be chosen so that the transmitted signal-to-background photon 
ratio is maximised (the signal being the photon emission rate from a 
fluorescent sample). When toluene-based eluents are used cut-off wave-
lengths of 370~420 nm are typical. 
The transmitted photons are detected by the photomultiplier tube, the 
output of the photomultiplier then consisting of a stream of negative-
going pulses at a pulse rate which may vary from ea. 10 2 s- 1(for back-
ground) to ea. 10 6 s- 1 (for a signal from a large sample). 
A signal converter is required to turn the pulse detection rate into a 
form suitable for the output device, e.g. a 0-100 mY analog signal for 
a chart recorder or a digital pulse rate in the case of a computer. 
The signal-to-noise ratio for a system of this kind may be taken 34 as 
(2.1) 
where Rs is the output of the signal converter corresponding to the. 
eluent . 1n 
flow cell~ 
radioactive/ 
source 
! 
! 
out 
I 
optical filter 
signal output 
PMT 1-- converter device 
\ 
windo w HV bias 
Figure 2.1 Essential elements of a beta-induced fluorescence detector. The flow cell and 
photomultiplier tube are generally in close contact and enclosed in 
a lightproof housing. 
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peak photon. detection rate as the sample material elutes and OB is 
the root variance of the output of the signal converter corresponding 
to the background pulse rate, RB. (Note that RB includes a contribu-
tion from the dark signal of the photomultiplier tube). The value of 
oB may be taken as 
= (2.2) 
where T is the characteristic time of the signal converter32 and is 
given by the sampling time if pulse counting is used to determine the 
photon detection rate, or by </2 if RC integration of the anode pulses 
is used (with<= RC). From equations (2.1) and (2.2) it follows that 
Rs 
0 
B 
= 
1 
R T2 s 
(2.3) 
The response time of the detection system is also governed by the 
characteristic time of the signal converted (assuming that any time 
constant associated with the output device is small) if pulse counting 
is used, but by < = RC if RC integration is used. 
For a chromatographic detector it is desirable that Rs/OB is large 
(to ensure a low limit of detection) while the response time of the 
detector is small (to ensure minimal peak distortion) 35 • Consequently, 
pulse counting is the most desirable basis of signal conversion as this 
gives a 41% improvement in Rs/oB compared with the theoretical optimum 
obtainable using RC integration for an equal response time. An addition-
. al advantage of a pulse counting system, for the present instrument, is 
that a microcomputer may be used as the output device without the 
necessity of employing an analog-digital converter (with its associated 
conversion errors) which would have been unavoidable had RC integra-
tion been chosen. 
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2.2 Factors Involved in the System Design 
(a) Source 
As already mentioned a a--emitting radionuclide was chosen as the 
excitation source in this detector. Many of the commonly available 
a- decay radionuclides emit.a- particles with an energy above the 
Cerenkov thresholda 6 in normal liquid chromatography solvents (e.g. 
263 KeV in water). Of the nuclides emitting low-energy a- particlesa 7 
aH •. 14C, ass, 6 aNi and 147Pm are readily available, but 14C and ass 
are unsuitable.for use in this detector: 14C, having a half-life of 
5730 years, is not available at high specific activity and ass, with 
its 87 day half-life, would require frequent corrections for its 
activity level to be made. Tritium, with a 12.5 year half-life, would 
provide an acceptable specific activity, but its low a decay energy 
(E ~ 6 KeV) would offer relatively poor excitation rates (see Chapter 1). 
The remaining radionuclides 6 lNi (half-life = 100 years; a decay 
Emax ea. 67 KeV) and 14 7pm (half~life = 2.5 years; a--decay Emax ea. 
225 KeV) have, therefor~ been used. 
Preliminary experiments using a BIF system incorporating a &aNi wire 
source have been reported 12 • Unfortunately there was loss of activity 
from the source into the eluent 9 , and as this could not be tolerated 
in a commerc·ial system, the use of nickel was discontinued and a proto-
type system was set up using a 147Pm source. The choice of 147Pm was 
made as its half-life, energJ and protectability were all favourable. 
The 147Pm sources were obtained from Amersham International, Amersham, 
mounted in small, stainless-steel cylinders. Cells have been constructed 
using 1 and lOO mCi 147Pm "point sources", the elements of which are 
shown schematically in Figure 2.2, along with a simple outline of the 
manufacturing procedure. 
The source is produced by a process in which 147Pm carbonate is mixed 
with silver powder and the two heat-fused together. The mixture is then 
rolled out into a sheet until a precalculated thickness is reached. The 
sheet is then placed in contact with silver foil and the rolling process 
continued until a sheet of source material covered with a 5~m silver 
face is produced. From this sheet, discs are punched and one of these 
T 
2mm 
c=J Pm2!C03 )3 + Ag excess 
J. sintered 
J. rolled 
+silver foil 
~ rolled 
t face is 5pm 
circles punched out 
11~---- 10 mm 
+---5!Jm silver foil 
~~----------~----------~ 
stainless steel active foil 
Figure 2.2 Schematic of steps involved in 
discs is attached with epoxy resin to the stainless steel slug. 
2.2 (b) The BIF Flow Cell 
The flow cells were designed with four considerations in mind. 
(i) It must contain the 1-100 mCi sources of 147Pm supplied 
by Arnersham International. 
(ii) It must allow efficient detection of the emitted photons 
at wavelengths down to ea. 370 nm (the lowest wavelength 
filter used for the supression of eluent emissions). 
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(iii) It must have an active volume of < 10ul, and minimal dead 
volume between the coupling to the h.p.l.c. column and the 
active volume of the cell. 
(iv) It must fit into a Scm bore photomultiplier housing. 
The first flow cell was designed around the 1mCi 147Pm source and is 
shown schematically in Figure 2.3. The flow cell body consists of a 
50mm length of ptfe tubing (nominal 1/8" o.d.) fitted at each end with 
a "Cheminert" flanged connector for 1/4" pipe thread fittings. One 
end of the tubing was reamed out with a 2mm drill bit so that the 
147Pm source (supplied in a 10 x 2mm dia. cylindrical stainless stee1 
holder) could be fitted into the tubing as shown in Figure 2.3. The 
open tubing end was then closed with a ptfe plug. Through the other 
end of the tube was passed the 1/16" stainless steel (0.00811 bore) 
inlet tube, which also passed through the "Cheminert" T-connector used 
to take the flow cell outlet to waste. The active volume of this flow 
cell (ie. the volume in which the eluent is exposed to a- particles) 
may be calculated from the diameter of the ptfe tubing surrounding the 
source (ea. 2mm), and the distance between the end of the stainless 
steel inlet tube and the face of the source. This latter distance may 
be varied (by moving the sourceh although a distance of ea. 1mm was 
chosen to give an active cell volume of ea. 3.2ul. 
It should be noted that this design of flow cell does give rise to a 
certain amount of fluorescent emission from the ptfe material around 
the source. However, most of this light is removed by the optical 
/ T coupling 
steel inner tube 
I 
eluent 
..-- ptfe outer tube 
inlet radioactive source 
~ 0--ptfe plug ~ out et 
Figure 2.3 Schematic diagram of the BIF flow cell and associated connections used for the prototype detector. 
This system has the advantage of being readily assembled from standard couplings. 
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filter invariably used for normal mode BIF operation. Indeed, the 
absolute background detection rate (measured using eluent of 10% 
toluene / 90% hexane) was found to be lower with the present design 
than was the case with the earlier quartz-window cell 12 • 
At a later stage of the project a lOO mCi 147Pm source ~as made 
available by Amersham International. Flow cells designed to hold the 
physically larger source were constructed of "Spectrosil" tubing and 
used parabolic reflectors to maximise the photon collection efficiency. 
A schematic diagram of the cell containing a 100 mCi source is shown 
in Figure 2.4. 
Towards the end of the project a lOO mCi cell became available as a 
result of coli aboration between Amersham International, A p p_l i e d::ed 
Chromatography Systems Limited and ourselves. As the cell was fabri-
cated by A.C.S. Ltd it is referred to below as the A.C.S. cell. 
Figure 2.5 shows schematically the A.C.S. cell, and results of pre-
liminary trials using it appear in Section 5.21. Further work on 
BIF involving this cell is being carried out at the present time. 
2.2 (c) The Photomultiplier Assembly 
The flow cell, optical filter, photomultiplier and associated base, 
and dynode c:hain resistors ~1ere housed in a lightproof brass tube 
(S"x 2" dia) closed at each end by threaded caps through which the 
eluent flow tubes and electrical connections were passed. A schema-
tic diagram of the assembly is shown in Figure 2.6. In the first 
prototype, a 50mm diameter EMI 9804QB photomultiplier was used, al-
though we have also used the pin-compatible EMI 9789QB tube which 
has only a lOmm diameter photocathode (and, consequently, a lower 
dark count than the 9804QB). Details of t,he electronic components 
mounted on the PMT base are given below. The base was mounted on 
one of the housing's end caps using spring connectors. The high volt-
age bias was supplied through a PET connector mounted on the end cap, 
while the output signal was made available through an adjacent BNC 
connector. Both sockets were found to be adequately lightproof only 
when a wired plug was attached. The eluent inlet and outlet tubes 
reflector""' 
5mm quartz 
tube~ 
1 
eluent 
flow 
0·2 mm id.s.s. 
tube 
photo multi pi ier 
Pm source 
fluo.rescent cut-off fi Iter 
regton 
Figure 2.4 Schematic diagram of the cell containing the 100 mCi 1 ' 7Pm source. 
The cell is fitted' with a parabolic reflector. 
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Figure 2.6 Flow cell and photomultiplier assembly. Note that the dynode 
chain resistors and decoupling capacitors are attached to the photomultiplier 
base. Electrical connections and eluent flow pipes require a lightproof entry 
through the end caps of the housing. 
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(both 1/16" o.d. stainless steel) were passed through the bore of a 
!" - !" "Swagelok" connector mounted on the other end cap, and light-
proofing was achieved by t" diameter black septa in place of the usual 
"Swagelok" ferrules. 
It should be noted that the design of the ptfe flow cell used for the 
1 mCi source required it to be operated in the vertical position, 
with the source at the lowest point (as shown in Figure 2.3) to prevent 
gas bubbles becoming trapped in the active volume. 
2.2 (d) The High Voltage Bias and Associated Components 
Previous experience of a BIF detector based on a 9804QB photomulti-
plier12 had indicated that a bias potential of 1200 - lSOOV would be 
required for optimum detection efficiency of the single photon BIF 
events. The bias supply for this prototype was subsequently designed 
to provide 1500V without provision for changing this voltage (save by 
the physical insertion of dropping resistors as described below). As 
the peak anode current would not exceed lO~A in any of the envisaged 
applications of the prototype detector (and in most instances would 
be< 1~A),the dynode chain current, and so the bias supply current, 
was designed to be ea. 0.3mA. To be useful as the bias supply for a 
detector system which would operate by counting fast, small (> 20mV) 
pulses, it was important that the supply gave an output which was 
free of high frequency noise and did not radiate r.f. noise which 
could lead to troublesome interferences in other circuits. The bias 
supply was designed around a de-de converter, as these were available 
in small, potted packages at relatively low cost. The circuit is 
based on the ClS (12V- 1500V; 1mA max.) converter available from 
Venus Scientific Inc., Farmingdale, New York. This particular model 
is unscreened, so the circuit required some screening sheets to be 
soldered around the C15 unit to prevent r.f. pickup by the amplifier 
circuitry. However, Venus Scientific Inc. do produce a similar unit 
which is screened, and this would probably have been less troublesome 
although more expensive. A schematic diagram of the complete bias 
supply, and the associated photomultiplier circuitry, is shown in 
Figure 2.7. 
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In the prototype system a separate 20 VA transformer, with a single 
secondary (0-12V), was used to ensure isolation from the amplifier 
and TTL supplies. A standard +12V regulator circuit was used to drive 
the C15 converte~ and the 1500V output filtered through the C-R-C net-
work to minimise ripple. (The 300 pF filter capacitors must, of course, 
be high-voltage types. In this system, 8kV working capacitors were 
used and were supplied by R.S. Components Ltd.). When it proved necess-
ary to drop the 1500V to a lower value this could be achieved by insert-
ing a resistor in the 12V input line, as the C15's output is propor-
tional to the input voltage. Using the dynode chain shown in Figure 2.7 
the C15 input current is approximately 60 mA, so that an output volt-
age of ca.1200V may be obtained by inserting a 33R input series resistor, 
for example when using the 9789QB photomultiplier tube. The bias supply 
was delivered to the photomultiplier assembly through a screened cable 
terminated in a PET connector. It should be noted that normal BNC 
connectors are not suitable for use at these potentials. 
2.2 (e) The Pulse Electronics 
Negative-going pulses arriving at the PMT anode (see Figure 2.7) are 
transmitted via a 100 pF blocking capacitor to the BNC connector on 
the photomultiplier housing and then by ea. 6 inches of screened lead 
to a single transistor impedance converter. This emitter-follower 
circuit (shown in Figure 2.8) is mounted in a die-cast aluminium box, 
within the cabinet housing the whole system, to minimise noise pick-
up. These techniques (i.e. ac coupling and impedance conversion) were 
adopted so that the fast 710 comparator could be used to generate TTL 
pulses on the detection of each anode pulse. This device requires a 
substantial input current and has.a small amount of hysteresis in its 
triggering levels which may be conveniently overcome by the overshoot 
of the ac coupled pulse waveform. The threshold level (i.e. the input 
pulse height which causes the 710 to change state) was set by a circuit-
board-mounted preset resistance which provided the comparison voltage 
at the inverting input of the 710. The prototype was normally operated 
with a threshold level of approximately 20 mV. The output of the 710 
under normal operating conditions consists of a stream of TTL pulses 
whose rate is equal to the photon detection rate and whose widths vary 
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Figure 2.7 Circuit diagram of high voltage bias supply and associated 
components. When used with the 9804QB photomultiplier, R was omitted 
and the bias potential was lSOOV. The Cl5 converter required some 
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(with the input pulse height) but are of the order of the input pulse 
widths .and typically ea. 250- 500 ns. From Figure 2.8 we can see 
that these TTL pulses are then passed to a chain of three cascaded 
pulse counters (74LS193) using the (count-up) clock inputs to each 
counter. Excluding the overflow outputs (which are used for cascad-
ing) two of the four available outputs of each counter provide lead-
ing edges of output pulses for every 2, 8, 32, 128, 512 and 2048 
pulses produced by the 710 comparator. One of these six lines of 
output is selected by the six NAND gates (74LSOO) controlled by a 
front-panel-mounted "Range" selector switch. Only one of the NAND 
outputs is now changing, the others are all high, so the outputs are 
combined through the 8- input NAND (74LS30). The output of this gate 
is now pulsing at a rate equal to the detected photon rate divided by 
2, 8, 32, 128, 512 or 2048 depending on the setting of the "Range" 
switch. These pulses are supplied to both the microprocessor inter-
face and the pulse-rate-to-analog converter described below. The 
computer connection was achieved to a Commodore CBM 3032 micro-
computer using the ICI Gammatrol pulse counter interface. However, 
many other varieties of serial or parallel computer connections 
(using the spare outputs on the 74LS193'S) would be relatively 
straightforward to incorporate. It should be noted that the limita-
tions placed on the photon detection rate by the prototype system 
arise from the time constants of the anode and emitter follower circuits. 
Dead time corrections become significant (> 10%) at detection rates 
above 2 x 105 s - 1 and the system saturates at about 2 x 106 s - 1 • In 
this work the latter did not pose a problem. However, if the system 
were required to work at higher pulse rates, then the transistor used 
in the impedance converter could be replaced by a faster device, (such 
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as the Amp-Tek PAD 111) and it may be necessary to lower the anode 
load resistance so that pulse widths of < lOOns are obtained, 
2.2 (f) The Analog Electronics 
The output pulse rate of the 741530 is proportional to the photon 
detection rate, and may be converted into an analog signal using con-
ventional ratemeter designs. The schematic circuit of the ratemeter 
and related circuitry are shown in Figure 2.9. A simple se-coupled, 
diode-pumped integrator circuit utilises the leading edges of the 
pulses arriving from the 74LS30; this avoids introducing the statis-
tical errors associated with the varying pulse widths which would 
arise if de coupling were to be used. 
A fixed integration time constant.of about O.Ss is provided, although 
of course this may be reduced by lowering the feedback resistance. The 
capacitance values have been chosen to provide an (integrator) output 
voltage which is directly proportional to the input pulse rate up to 
a maximum of approximately 200 mV for a pulse rate of 103 s- 1 • 
The integrator output is used to drive two separate circuits: 
(1) a noise filter circuit which provides an output for a chart 
recorder or other analog device 
(2) an overrange indicator circuit, whose function is to indicate 
that the pulse rate is above the linear region of the pulse 
ratemeter circuit. 
The overrange indicator circuit consists of a x 8 buffer amplifier 
followed by a comparator whos·e output drives a front-panel-mounted 
warning light. The comparison potential is set to a value 20% above 
the 200 x 8 mV level which corresponds to a ratemeter input of 
103 s- 1 • If the pulse rate exceeds ea. 1.2 x 10 3 s- 1 , then the indi-
cator light warns the user that the analog output signal is an in-
accurate representation of the photon detection rate (and that a 
higher range should be selected). 
The integrator output is also passed through a circuit-board-mounted 
ratemeter 
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Figure 2.9 Circuit diagram of pulse ratemeter, lowpass filter, 
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preset resistor (which allows the final output of the system to be 
adjusted to 100 mV for an input pulse rate of 103 s- 1 ) to two consecu-
tive, second-order Butterworth filters (only one of which is shown in 
Figure 2.9). These provide for the alternation of high frequency 
fluctuations {i.e. noise) in the analog signal, with a roll-off of 
24 dB/octave above a cut-off frequency selected by a front-panel-
mounted selector switch. Cut-off frequencies of 5, 0.5, 0,25, 0.2, 
0,15 and 0,1 Hz were provided on the prototype, corresponding to 
effective time constants of approximately 0.2, 2, 4, 5, 7 and 10 
seconds, respectively. It should be noted that selection of the 
5 Hz cut-off frequency allows the overall time constant of the system 
to be determined by the O.Ss time constant of the pulse ratemeter 
circuit. Full details of the filter circuit and its operation have 
been described elsewhere 3 , The output of the filter circuit is passed 
to an inverting amplifier which provides for a front-panel-controllable 
offset of the analog signal, and for the amplification of the.balance 
signal by front-panel-selectable gain factors of 0.3, 1, 3, 10, 30 
and 100. The output of this amplifier is used to drive a front-panel-
mounted 100 mV fsd meter. This output is also passed to an output 
socket on the rear of the cabinet for connection to a chart recorder 
or other 0-100 mV analog device. 
2,3 The Complete Detector System 
The components described above were assembled into a ·single 19 inch 
rack cabinet as shown schematically in Figure 2.10, 
would have fitted into a considerably smaller 
(In practice the 
cabinet). The system 
layout of the front panel controls was chosen so that it was easily 
understandable by a user familiar with conventional h.p.l,c. detec-
tors, and is shown diagramatically in Figure 2.11. 
For operation, a chromatographic column outlet is connected to the 
flow cell inlet tube and the eluent flow started. The range selector 
switch is set to maximum (equivalent to approximately 2 x 106 s- 1 full-
scale output), the baseline shift control switched off and the ampli-
fier gain set to 1. Mains power is switched on, followed by the high 
voltage; the range switch may then be turned to successively lower 
ranges until an output signal of between 10 and 50 mV is obtained 
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Figure 2.10 Layout adopted in completed detector. The flow cell inlet tube 
(0.008 inches bore s.s. tubing) passes directly from the flow cell to the column 
coupling with no intervening couplings. A stainless steel tube is also used to 
bring eluent out of the flow cell, although this may be coupled to a PTFE tube 
once outside the lightproof housing. 
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Figure 2.11 Layout of front panel of BIF prototype. Ferruled Swagelok couplings were 
used to grip the eluent tubes as they pass through the front panel to prevent movement . 
of the flow cell within its housing. The front panel was grounded by cable to the 
central grounding point. 
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(or until the lowest range is selected). After the output device is 
activated satisfactorily, chromatograms may be recorded by suitable 
baseline and amplifier gain adjustment. If the sample size is large 
and the overrange warning indicator lights up, then the chromatogra!D 
is repeated with a higher range selected. When the sample size is 
small, and high gains are required, the background noise may be re-
duced by selecting a larger time constant, at least until the result-
ant peak broadening becomes unacceptable. 
2.4 (a) The Chromatographic System 
The BIF detector described above was attached to a high pressure liquid 
chromatographic system as shown schematically in Figure 2.12. Care-
fully measured volumes of deoxygenated solvents, were-run from the 
burettes into the reservoir where they were mixed by the action of a 
magnetic stirrer (see Section 3.1). 
2.4 (b) High Pressure Pumping System 
The eluent was pumped using a dual piston pump (Applied Chromatography 
Systems Ltd., Model 504) fitted with a Sum sintered, stainless steel 
frit on the inlet side and a 2um sintered, stainless steel frit on 
the high pressure side. The use of high volatility solvents during 
much of this work gave rise to numerous problems of vapour lock within 
the pump's check valves. For this reason a quick-release bleed valve 
was incorporated into the high pressure flow line. 
2.4 (c) Columns 
Two column systems were investigated in this work. Initially a 300 
x 6mm stainless steel column packed with 30 - 40Um u-Porasil (Waters 
Associates (UK) Ltd.) was employed. Later, a "Z-Module" Radial 
Compression System (Waters Associates (UK) Ltd.) was installed and 
used in conjunction with 10um u-Porasil cartridges. 
2,4 (d) Eluents and Standard Compounds 
Elution was normally carried out using hexane (F:isons Ltd., h.p.l.c. 
grade) containing varying amounts of either toluene (Fisons Ltd., 
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...----1 detector 
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• 
waste 
Figure 2.12 Schematic of the High Presure Liquid 
Chromatographic System 
recorder 
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h.p.l.c. grade) or acetonitrile (Fisons Ltd.,·h.p.l.c. grade) as polar 
modifiers. U.V. spectra of the different batches of solvents were 
recorded using a Cecil CE5095 U.V. spectrophotometer to confirm 
Fison's assay. The compounds used to make up standard samples were 
obtained from the suppliers shown in Table 2.1. 
2.4 (e) High Pressure Sample Injection Valve 
The high pressure valve, Rheodyne Model 7125, was used together with 
Hamilton Syringes 701 and702. The valve was a rotary switching loop 
device with a pressure rating of 7000 p.s.i. and was fitted with an 
external, removable, sample loop having a total .volume of 20ul •. 
2.4 (f) Flow Meter 
Although the ACS 504 pump has an electronically-selected flow rate 
control, this actually controls the displacement rate of the piston 
volumes, and does not correct for the compressibility of. different 
eluents. For this reason the flow rate of the eluent leaving the BIF 
detector flow cell was monitored using a Phase-Sep flow meter, Model 
FLOSOA (Phase Separations Ltd.). The used eluent was collected in a 
conical flask and checked for radioactive contamination, caused by 
possible leakage from the detector, before disposal. Samples of the 
eluent (1 cm3 ) were added to (10 cm 3 ) of Unisolve E (Koch-Light Ltd.) 
and a scintillation count performed by a Beckmann CPM 100 liquid 
scintillation counter set to the 1 'C channel. 
2.4 (g) Recording Unit 
Conversion of the photon emission signal, by the electronic equipment 
associated with the BIF detector, into an analog signal made it poss-
ible for the information to be produced in the form of a chromatogram. 
An RE571 Servo-Scribe-2S linear recorder with dual cross-over pens 
was used to record the chromatograms, one of the channels being connec-
ted to the 100 mV output from the detector electronics. 
Table. 2.1 
Chemicals and Suppliers 
Except where otherwise stated, the 
solvents were h.p.l.c. grade hexane 
and acetonitrile from Fisons, 
h.p.l.c. grade methanol from Rathburn 
Chemicals. Toluene, xylenes, benzyl 
alcohol and benzene were of Analytical 
grade and obtained from several 
suppliers; other solvents were 
standard laboratory grade. 
Naphthalene, anthracene, pyrene, 
perylene, fluoranthene, diphenyl-
hexatriene and POPOP were Aldrich 
Gold Label reagents. The other 
sample materials were standard 
laboratory grade and were used 
without further purification. 
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CHAPTER 3 
Experimental Elements of Beta Induced Fluorescence 
3.1 Development of the Solvent-Deoxygenation System 
It was noted in Chapter 1 that the presence of oxygen, or certain other 
impurities in the chromatographic eluents, causes partial quenching 
of the fluorescence signal. 
It was stated there, that toluene/hexane eluents saturated with air 
have an oxygen concentration normally 19 between 2 x 10- 3 and 5 x 10- 3M. 
Oxygen is known to be an excellent 19 quencher of toluene's fluorescence 
(and phosphorescenc~. and not unexpectedly the calculated detection 
rates for hexane/toluene eluents drops from dmPm approximately 
2.7 x 105s-1 for a deoxygenated 1% toluene/99% hexane solution to 
dmPm approximately 3.7 x 104s- 1 for an air-saturated solution. This 
is confirmed here by the observation that the BIF signal rate increases 
from 3.57 x 104s-1 to 1.98 x 105s- 1 on deoxygenation. These factors 
illustrate that the presence of relatively small amounts of fluor-
escence quenching material in the BIF flow cell can dramatically lower 
the BIF photon emission rate. During the early stages of this work 
variation in background signal and lack of reproducibility of peak 
heights for fixed-volume injections of standard solutions were obser-
ved. Investigation of this problem proved that earlier degassing 
methods (purging the eluent with nitrogen) were inadequate9 ; as higher 
sensitivities were required, more rigorous control of eluent oxygen 
content was needed. The effect of oxygen on molecules in their first 
excited singlet state leads to a percentage of them losing their energy 
via quenching, this results in an overall reduction of the fluorescence 
yield. Experiments were carried out to determine the relative BIF sig-
nals from anthracene, diphenyl hexatriene and methylstyrylbenzene in 
air-equilibrated and helium flushed solvents; and the results are given 
in Tables 3.1 and 3.2. Figure 3.1 shows the effects of helium purging 
on a solution of 2.6 m mol dm-3 anthracene in toluene. It can be seen 
from the spectra that removal of oxygen raises the intensities of both 
the anthracene and the toluene but to different degrees (see section 3.9). 
Deoxygenation Table 3.1 
10% benzene Air equil = air equilibrated 
90% hexane Deox = deoxygenated 
Flow Res2onse Rel.J:!eak Condi-Compound Quantity Gain Range Rate /mm tions miiiiirt-1 res2onse !!a 
Anthra-
cene 200 3 16 2.0 17 1 Air equil. 
DPHT 200 3 16 2.0 62 1 Air equil. 
MSB 200 3 16 2.0 53 1 Air equil. 
Anthra-
cene 200 1 16 1.0 37 6.5 De ox 
DPHT 200 1 16 1.0 187 9.0 De ox 
MSB 200 1 16 1.0 80 4.5 De ox 
Anthra-
cene 20 3 16 2.0 12 7.0 De ox 
DPHT 20 3 16 2.0 62 10.0 De ox 
MSB 20 3 16 2.0 29 5.5 Deox 
Deoxygenation Table 3.2 
10% toluene 
90% hexane 
Flow Res2onse Rel.J:!eak Condi-Com2ound Quantity Gain Range Rate/ /mm tions m1 min-1 res2onse 
.!!&. 
Anthra-
cene 200 3 16 2.0 20 1 Ox 
DPHT 200 78 1 
MSB 200 70 1 
Anthra-
cene 200 1 64 2.0 9 5.4 De ox 
DPHT 200 51 7.8 
MSB 200 23 3.9 
Res2onse 
/mm 2 
Anthra-
cene 200 3 I6 1.0 144 I Ox 
DPHT 200 696 1 
MSB 200 666 I 
Anthra-
cene 20 3 I6 1.0 82.5 5.7 De ox 
DPHT 20 585 8.4 
MSB 20 280 4.2 
Ox - air equilibrated 
RELATIVE 
INTENSITY 
800 
600 
400 
200 
0 
200 
TITLE: 2.6HH ANTHRACENE/TOLUENE 
300 
Figure 3.1 Effect of Helium Purging on the BIF 
emissions of a 2.6 m mol dm- 3 solution of anthra-
cene in toluene: (1) aireguilibrated solution 
(2) helium purged solution. 
400 500 
WAVELENGTH /NH 
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The results in Tables 3.1 and 3.2 indicate that increases in response 
of up to ten-fold were possible after removal of oxygen from the eluent. 
It should be noted that the increase in response for individual com-
pounds differed, and that these increases were also a function of the 
eluent composition. The individual response of a compound is a func-
tion of its fluorescence decay time, T. Figure 3.2(a) and (b) are 
graphical representations of the relationship between the sensitivity 
of a molecule to oxygen quenching and its fluorescence decay time. 
In attempting to quantify "sensitivity to quenching" the ratio R0/R 
was used as the ordinate (where R0 is the response of the· detector to 
a given quantity of analyte in helium-flushed eluent and R is the re-
sponse to the same amount of analyte in an air-equilibrated eluent). 
Figure 3.2(a) is taken from a standard fluorescence spectral hand-
book44, where R0/R has been plotted against T the fluorescence decay 
time for a particular analyte, the anomalous result for fluoranthene 
should be noted and further discussion of such behaviour can be found 
in Chapter 5 page 104. Experimental values obtained using our beta-
induced fluorescence system are presented as Figure 3.2(b). The 
Stern-Volmer equation predicts a linear correlation when oxygen is 
the only quenching molecule, 
(3.1) 
where T is the mean decay-time of the excited solute molecules in a 
helium-flushed solution, kq is the rate constant for quenching by 
oxygen, and [Q'] is the concentration of dissolved oxygen in the sol-
vent. That the plots for the two different solvent systems are nearly 
parallel, is to be expected for solutions very similar in viscosity. 
It has been shown 38 that kq can be calculated from the slope of the 
line and that kq, the rate constant for a diffusion-controlled reac-
tion, can be obtained from the formula:-
k' q = 
BRT 
Jooon 
(3.2) 
where R is the gas constant in ergs per mole per degree Kelvin, T is 
the absolute temperature, and T] is the viscosity in poise. Since on 
5 
4 
~0 
R 
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Figure 3.2(a) R Plot of •/R vs T/ns for a Number of 
Aromatic Compounds 
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Figure 3.2(b) Ratio Deoxy/ox Response vs Decay Time /n sec 
for three Compounds in Two Different Solvent Systems. 
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comparing these constants it is found that kq ~ k~ ~ 1010 litres 
mole- 1 sec- 1 (the diffusiop controlled limit) it may be assumed that 
oxygen quenching is a diffusion controlled process. 
The graph (Figure 3.2(b)) obtained for the 10% benzene/90% hexane 
eluent intersects the y axis at a value greater than R0 /R for the 
10% toluene/90% hexane system. · Since it has been stated 39 that the 
benzene excimer 1Df is resistant to oxygen quenching and the R0/R 
values for the three solutes are greater than one, it must be assumed 
that the slope of these lines is due to energy transfer occurring via 
other species, probably the excited monomer 1M!. It had been expected 
from the values of the ionization energies of the ground state and 
first excited singlet state that the graph of benzene/he.xane would 
have been below that for toluene/hexane. This expectation arose 
from the knowledge that quenching efficiency depends on the ioniza-
tion energy of the first excited singlet state of the solvent 40 , 
The greater this value the less subject to quenching is the solvent. 
Thus some other effect must be in operation which may simply be that 
oxygen is more soluble in benzene/hexane than toluene/hexane mixtures 
since oxygen is known to be 1.7 times more soluble in pure benzene 
than pure toluene41 • 
Several methods of deoxygenating the eluents were tried. The solvents 
were mixed together in the proportions required then poured into a 
three-necked round-bottomed flask. This flask had been designed to 
accommodate a stainless steel filter stick which filtered the eluent 
via a 2~m frit en-route to the h.p.l.c. pump. A side-arm provided 
for the introduction of helium, argon or nitrogen via a bubbler tube, 
the gases then being exhausted through the third neck of the flask. 
Although this system produced a more stable background and enhanced 
sensitivity it was noted that the response slowly increased with deoxy-
genation time. Table·3.3 and Figure 3.3 show results demonstrating 
this phenomenon; Table 3,3 also provides evidence in the form of Rv 
and k' that differential volatilization could be occurring in the 
binary eluent system. The trend in Rv suggested that the mobile phase 
was increasing in polarity i.e. loss of hexane. was increasing the 
relative concentration of the toluene. Experiments were carried out to 
• 
Table 3.3 
Variation in Response for Consecutive Sample Injection Using a 
Compound 
Anthra-
cene 
DPHT 
MSB 
Anthra-
cene 
DPHT 
MSB 
Anthra-
cene 
DPHT 
MSB 
3-Component Mixture (toluene hexane as eluent) 
Quantity Gain Range 
.!!8. 
20 
20 
20 
20 
20 
20 
20 
20 
20 
1 16 
10 64 
10 64 
10 64 
Flow· 
Back Rate 
"'g.:.;ro::.:u:,:;n:.::.d ml_.m_i_n - 1 
19% 
0.92 
0.92 
0.92 
Peak 1\, 
ht." mls 
mm 
k' 
49 1.8 0.7 
119 3.1 1.8 
75 4.4 3.0 
52 1.9 0.8 
128 2.9 1.7 
79 4.2 2.8 
ss 1.8 0.7 
133 2. 9 1.6 
85 4.1 2. 7 
1150 
A~ : 1,6-diphenyl hexatriene 
0--D : bis- methylstyryl benzene 
D-O : anthracene 
Response; m m 
100 
0 
0 
50 0 0 
El 
0 1 2 3 
Injection . 
Figure 3.3 Response /mm vs Injection Order for Three 
Component Mixture 20ng of Each Component 
Approximately 30 Minutes Lapsed Between Consecutive Injections. 
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investigate eluent concentration vs response for concentrations of 
toluene > 10% v/v. Table 3.4 gives averaged values of peak responses 
and retention volume obtained for repeated injections of 20 ng methyl-
styrylbenzene whilst the eluent compostion was varied from 10% v/v 
toluene/90% hexane to 25% v/v toluene/75% hexane. The relationship 
between the BIF response, RB(S), and the concentration of the fluor-
escent species M in the eluent (in this case toluene) was discussed 
in Chapter 1; see equation 1.19. Figure 3.4 indicates that the re-
sponse increases linearly with the eluent's toluene concentration 
suggesting that eluent composition changes during helium-flushing 
could give rise to serious errors in response. 
As a consequence of these findings the whole deoxygenation process 
was revised. A system was designed ~hich allowed for up to 1000 cm 3 
of two solvents to be helium-flushed independently then mixed in care-
fully controlled proportions in the complete absence of air. Thus by 
avoiding preferential volatilization of one component of the binary 
solvent it became possible to produce long-term stability of eluent 
composition. The deoxygenation and solvent mixing system in its 
final form is shown in Plate 1. 
Quantitative checks using UV spectral analysis were carried out 
periodically by sampling the mixed solvents from the rig. Values of 
peak height were obtained for the most intense band in the fine struc-
ture of the UV spectrum of toluene in hexane. Sets of known toluene 
concentration standards were analysed, typical results are presented 
in Figure 3.5 as a calibration curve. Unknown toluene concentrations 
were then obtained by recording UV . spectra, under the same conditions 
and measuring the peak heights, the corresponding toluene concentrations 
could then be calculated using the graph. Checks of this type also 
served as a safeguard against any contamination in the commercial 
h.p.l.c. grade solvents used. Impurities in the solvents can result 
in a sudden increase in the background signal. One such case occurred 
when a contaminated batch of hexane was used to make up the eluent. 
Eluents made up with this hexane produced substantially higher back-
ground levels than were normal. On analysing the hexane it was found 
to have absorbances of 1.43 (0.5)@ 200 nm, 1~16 (0.3) @.210 nm,0.7 (0.1) 
Table 3.4 
Effect of Toluene Concentration on Response 
Eluent Composition 
% toluene : % hexane 
10%T 90%H 
15%T 85%H 
20%T 80%H 
25%T 75%H 
For Methylstyrylbenzene 
cpd. Quantity 
.!!& 
MSB 20 
MSB 20 
MSB 20 
MSB 20 
Gain Range 
10 64 
10 64 
10 64 
10 64 
* averaged values of six readings 
Back-
ground 
7.6 
7.6 
7.6 
7.6 
Peak R ~ 
Height v 
* 66 4.46 3.6 
86 3.2 2.4 
112 2.6 1. 7 
129 2.3 1.6 
1501 
Peak height I mm 
100 
50 
oL--------------J1o.-------------~2~o~------------~ 
o/o toluene 
Figure 3.4 Peak Height/mm vs Toluene/Hexane 
Variation for 20ng MSB 
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Figure 3.5 
120 Concentration of standard toluene in hexane vs 
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UV spectrum/mm 
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made up 4 days 
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Background 
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@ 220 nm, the figures in brackets are the manufacturer's assay. A 
replacement batch of hexane (and all subsequent solvents) were found 
to give absorbances within the manufacturer's specifications. Finally, 
when care was taken to conduct the gas flow throughout the apparatus 
in such a way that cross-contamination by vapour was impossible, a 
stable system could be maintained. See Figure 3.6 for a schematic 
of the deoxygenation apparatus, the arrows indicate the direction 
of gas flow. 
During the course of the work, helium was found to be the best gas 
to use for flushing, as both argon and nitrogen produced peak height 
variation, particularly in the case of perylene samples. Lack of 
reproducibility was considered to be a consequence of variation in 
the oxygen content of the· solutions when argon or nitrogen were used 
as purging gases. Table 3.5 lists responses obtained for fixed quan-
tities of anthracene, fluoranthene and perylene using the same instru-
mental parameters but two different purging gases. It can be seen 
how the relative standard deviation in response increased for pery-
lene particularly when argon was used to deoxygenate the eluent. 
One possible source of oxygen introduction was eliminated; by syphon-
ing out the excess eluent from previous runs, the introduction of air 
on opening up the mixing vessel was avoided .. Concurrent experiments 
using a BIF spectrometer, see figure 3.17, confirmed these findings, 
asaresult, solvents for both chromatography and spectrometry were 
purged with helium before use. Improved RSD's and reproducible 
spectra indicated that under such conditions loss of solvent or change 
of solvent composition was insignificant over the time scale of most 
of our experiments. The use of helium was not without its problems, 
owing to the gas' low density and high effusivity which required 
vacuum-quality joints and stopcocks on the purging apparatus (see 
below*). However one compensation was that the use of helium resulted 
in the least bubble formation within the detector flow cell. 
* 
As can be seen from Plate 1 a large number of p.t.f.e.-to-glass 
connections were required in the deoxygenation system. It is very 
important that these are resistant to leakage of both gas and solvent. 
r 
/ 
p ump 
t 
Figure 3 . 6 Schematic Diagram of the Deoxygenation and 
Solven t Mixing System . The Arrows Indicate 
the Direction of Gas Flow 
Table 3.5 (a) 
ResEonses Obtained for 3 ComEonent Mixture when Argon 
Was Used to Deoxlgenate the Eluent. 
Argon Flushed. ~ Porasil Column. Flow Rate 0.96 ml mil- 1 • 
Eluent 10% toluene 90% hexane 
Response/mm normalised to 5 ng at G5. 
Actual guantiti Inj.Lng Anthracene Fluoranthene Per!lene 
3 31,7 64.2 17.5 
3 42.5 88.3 22.5 
3 41.7 84.2 28.3 
5 43.0 83.5 37.0 
5 39.5 76.5 50.5 
5 37.0 75.0 40.0 
5 37.0 74.0 46.0 
5 39.5 54.5 
10 38.5 78.5 64.0 
10 38.5 76.0 64.5 
77.5 
10 43.8 85.0 46.3 
10 46.3 92.5 67.5 
15 20.8 41.7 37.5 
20 25.0 51.3 50.6 
3 36.7 72.5 39.2 
3 37.5 79.2 55.0 
3 40.8 85.0 75.0 
3 40.0 78.3 75.0 
3 40.0 79.2 78.3 
3 40.8 78.3 81.7 
3 41.7 RSD 80.0 RSD 82.5 RSD 
3 39.2 4.5% 78.3 3.6% 85.0 20.4% 
3 42.5 81.7 87.5 
3 41.7 79.7 87.5 
3 41.7 80.8 89.2 
3 41.7 82.5 97.5 
3 42.5 80.8 95.8 
4 43.8 81.9 98.8 
4 40.6 78.8 96.3 
6 41.3 80.0 95.0 
6 40.0 77.5 96.7 
6 35.8 71.7 85.0 
X 39.2 x 77.6 x 67.5 
RSD 12.9% RSD 12.1% RSD 37.0% 
Table 3.5 (b) 
Responses Obtained for 3 Component Mixture when 
Helium was used to Deoxygenate the Eluent. 
Helium Flushed ~ Porasil Column 
Flow rate 0.93 ml min- 1 
Eluent 10% toluene 90% hexane 
Responses/mm normalised to 5 ng at G5. 
Actual Quantity Anthracene 
Injected /ng 
Fluoranthene Perylene 
8 38.8 77.5 77.5 
8 40.6 78.1 83.8 
8 40.0 78.8 91.9 
8 39.4 RSD 78.1 RSD 94.4 
8 43.8 5.4% 87.5 6•0% 106.3 
8 43.8 87.5 107.8 
10 45.0 86.3 106.3 
10 46.3 87.5 106.3 
10 38.8 75.0 88.8 
10 36.3 71.3 82.5 
8 31.3 64.0 76.6 
- 40.0 -X X 78.5 X 92.4 
RSD 10.8% RSD 9.7% RSD 12.7% 
RSD 
12.8% 
so 
The ones used in this work were "Cheminert" supplied by Phase-
Separations and consisted of a perfectly flat glass flange capable 
of mating to a similar p.t.f.e. flange, the two components being 
held together by screw connectors. 
3.2. Effect of Different Energy Transfer Agents 
The efficiency of energy transfer from the solvent molecule to the 
solute molecule will have a direct effect on the response obtained 
for a particular solute. As already explained in Section l.Sa (v) 
efficient energy transfer can only take place when there is good 
overlap between the fluorescence spectrum of the donor and the absorp-
tion spectrum of the acceptor, i.e. k17 large and E value high. It 
is also important for the donor molecule to have a long fluorescence 
life-time since this increases the probability of energy transfer 
from donor to acceptor molecule·. Further consideration of equation 
1. 21 allows us to derive such dependencies .. 
If we assume that [S] is very small then 
and 
where 
and 
p (S) 
m 
1: 
m 
= 
= 
= 
p (0) 
m 
1 
k3 + k4 + ks 
1 
kl8 + k2o + k21 
(1: = fluorescence m life-time of 
solvent). 
(1: = fluorescence s life-time of 
solute). 
($ = Quantum efficiency 
m of solvent). 
Quantum efficiency 
of solute). 
taking both the PMT dark signal and the fluorescence from the cell, in 
the absence of fluorescent eluent, to be essentially zero i.e. 
= 0 
Equation 1,21 may be expressed in terms of life-times and quantum 
. eff iciencies:-
CJ 
m 
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3.3 
In order to investigate the effect of different energy transfer agents 
on response a series of experiments was carried out using a number of 
different donor molecules all having fluorescence life-times of the 
order of 20 n sec. The donor compound constituted 10%v/v (w/v in the 
case of bibenzyl) of the binary eluent, the major solvent being hexane. 
Table 3.6 lists average responses to varying quantities of anthracene, 
fluorantheneand perylene in six different solvent systems. These 
results, normalised to the same quantity, gain and range, were taken 
and S/IB plotted for each compound in a particular eluent. The results 
are produced in the form of a histogram see Figure 3.7. As can be seen, 
the toluene system gave the best response for all three solutes although 
again erratic results due to oxygen/perylene interaction were noted. 
The use of toluene also allows the polarity of the eluent to be modi-
fied so that retention volumes can be varied. As a polar modifier 
toluene would be inappropriate for use with UV absorption detectors 
owing to its absorption at 254 mm. Its use with BIF detectors carries 
a number of advantages over the more conventional polar modifiers. In 
BIF the use of chlorinated hydrocarbons dramatically lowers the emission 
from fluorescent materials owing to the quenching processes which have 
been noted 43 in connection with liquid scintillation counting. 
In attempting to interpret these results it is pertinent to take a 
further look at the theoretical equations. We have already seen that 
equation 1,21 may be expressed in another form (equation 3.3) relating 
the quantum efficiency of the solute and the fluorescence life-time 
of the solvent to the BIF signal. Further mathematical transforma-
tions allow us to see the dependencies through: fluorescence life-times 
of both donor and acceptor, quantum efficiencies of both,and the ratio 
Table 3.6 
Signal to Square-root Background Values for Anthracene, Fluoranthene and Perylene in 
Various Eluent Systems. Results Normalised to SOng G1 R16 and are Averaged Values. 
Eluent Composition Back- 1;1B S/IB A S/ F S/ P ground IB IB 'm 
10% toluene 19.5 0.23 8.0 11.3 12.2 
34 
ns 
90% hexane 
10% p-xylene 48.0 0.14 5.2 8.7 11.4 
30 
ns 
90% hexane 
10% dicyclopentadiene 
90% hexane 10.0 0.31 0.4 0.3 1.2 
0.5% acetonitrile 
10% bibenzyl 
90% hexane 22.0 0.11 3.8 5.0 8.1 
35 
ns 
0.5% acetonitrile 
10% s-butylbenzene 57.0 0.13 3.1 4.3 5.5 
25 
ns 
90% hexane 
10% t-butylbenzene 12.0 0.29 4.0 4.6 7.1 
90% hexane 
15 
s 
./8 
10 
5 
0 
toluene 
xylene 
,__. 
-
-
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D Perylene 
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-
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Figure 3.7 Signal to Square-root Background Values for 
SOng of Anthracene, Fluoranthene and Perylene in 
Various Eluent Systems 
t - butyl 
benzene 
-
of dimer 
where 
= 
= 
= 
= 
to monomer species in the system. 
RB(S) 
1':: 
! [S]xF 
= 
(J k3 +k31 [M] m 
(d 4> - d 4> )k17 + K[M] [d 4> k 25 -ss mm Lss d "' k7 k j m"'m- 11 k3 
(d 4> - d 4> )k + K[M]k17L 4>~-ss mm 17 Sok 
. 17 d 4> k~ m~3 
3.4 
All the terms used above are consistent with those introduced in 
Chapter 1. However it should be noted that:-
the equilibrium constant for 
1M*+M - 1 D* 1 - 1 
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= ratio of dimer to monomer emission 
= 
ratio of dimer to monomer energy 
transfer rate constants. 
While quantitative verification of equation 3.4 is not possible at 
present (owing to the unknown values of the required k. for most mole-
l. 
cules), the equation does indicate that both the ratio k25 /k17 .and 
k7/k3 are important in determining the sensitivity of a BIF system, in 
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addition to the magnitude of K. 
3.3 Doping with Long-lived Species 
In an attempt to increase the efficiency of transfer of excitation 
energy from solvent to solute, eluents containing a third component, 
chosen for its long fluorescent life-time, were investigated. The 
observation had been made 42 that addition of naphthalene as a second 
"solvent" reduced the quenching effect of additives in liquid scintil-
lation counting. Table 3.7 lists the results obtained when standard 
solutions of anthracene were injected into an ·eluent of toluene/hexane, 
containing 1% w/v naphthalene, whilst the toluene content was varied 
from 0% -> 15%. Figures 3. 8 a, b and c show graphically the relation-
ships between response, toluene concentration, background and S/IB. 
Although a larger response was obtained in the presence of naphthalene 
the increase in background produced by the naphthalene fluorescence 
more than offset this by reducing the s;18 ratio; compare with results 
for similar amounts of anthracene in the absence of naphthalene, see 
Figures 3.8 a, b and c. The use of such energy transfer agents is 
therefore undesirable in normal beta induced fluorescence. However, 
this increase in Pm may be used to good effect in quenched beta induced 
fluorescence (see Chapter 4). 
Obviously it is less desirable from a practical point of view to count 
a small increase in a large signal than the same size increase on top 
of a much lower "background". However, when photon counting techniques 
are used pulse pile-up and photomultiplier saturation can also set a 
limit on the precision with which measurements can be made. This situa-
tion was investigated in association with the doped eluents and to over-
come the intensity limitationsofthe photon counting system a different 
mode of light intensity measurement was adopted. The instrument used, 
known as the MiniBIF was developed for the measurement of quenched beta 
induced fluorescence and is described in Chapter 4. 
3.4 Relationship Between Response and Concentration of (M] 
Returning again to the basic beta induced fluorescence equation and 
Table 3.7 
Effect of Varying [M] in a DoEed Eluent 
Quan- Back- SI Flow Chart 
Pk Width Rt R t 1/ 
Eluent Compound Gain Range ground IB mlmin- 1 ht 
Area V k' 0 
tity ~ SEeed at 0.6 ~-
cmmin 1 .!!!!! ~ 
mls sec 
1% Naphtha-
lene 
in Hexane Anthra-
cene SOng 1 16 296 17.2 2.5 0.98 5 43 1 43 198 3.23 1.54 78 0.058 
1% Naphtha-
1ene 
5% Toluene .. SOng 1 16 288 17.0 3.3 1.13 5 56 1 56 138 2.60 1.09 
66 0.059 
95% Hexane 
1% Naphtha-
lene 
10% Toluene .. SOng 1 16 368 19.2 3.0 1.11 5 57 1 57 96 1.80 0.23 78 
0.052 
90% Hexane 
1% Naphtha-
le ne 
15% Toluene .. SOng 1 16 240 15.5 3.3 1.02 5 51 1 57 96 1.63 0.33 72 0.065 
85% Hexane 
10% Toluene 
90% Hexane 
.. SOng 1 16 32 5.6 6.0 1.10 5 33 1 33 120 2.2 0.179 
Averaged results 
80 
Response ;mm ( i i ) Bkgd. 
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Figure 3.8 (a) (i) Response I mm vs concentration v/v of toluene 
in hexane at 1% naphthalene. 
Normalised to SOng Gl R16. (analyte anthracene) 
(ii) Background vs percentage toluene Gl R16. 
Points (a) and (b) are respectively, response and back-
ground for the same amount of anthracene in the absence 
of naphthalene. 
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considering it in the form presented as equation 3.4 we see the direct 
relationship between the concentration of the fluorescent species (e.g. 
toluene) and the signal-to-noise ratio. 
Results obtained for a fixed quantity of analyte detected under varying 
eluent concentrations are presented in Table 3.8; Figure 3.9 shows the 
linear relationship. Unfortunately we cannot drastically alter the 
eluent composition without posing chromatographic problems. This is 
illustrated by the almost exponential decrease in retention volume 
of methylstyrylbenzene with increasing toluene concentration, also 
shown in Figure 3.9. Choice of eluent composition is therefore a com-
promise and very much depends upon the strength of analyte interaction 
with the chromatographic column. Future developments in BIF may have 
to look to the possibility of fluorescent species (i.e. energy transfer 
agent) addition at some point after column elution but before the 
analyte enters the cell. 
Further confirmation of the linear dependence of response on [M] was 
obtained when results were recorded for BIF response to POPOP 
~. 4-di-[2-(5-phenyloxazolyl)]-benzen~ in toluene eluents containing 
varying amounts of acetonitrile. Table 3.9 presents averaged values 
of BIF response to 400ng POPOP for a range of toluene/acetonitrile 
eluent compositions. Figure 3.10 depicts these results graphically. 
3.5 Relationship Between Response and Concentration of Solute [S) 
The basic requirement of any detection system is that a measurable 
parameter changes as a direct (usually*) consequence of the introduc-
tion of increasing quantities of an analyte. The first term in the 
BIF equation shows the dependence of response on (S] the analyte con-
centration. Equations 17 and 18 in Table 1.4 indicate that 
* (indirect methods are used in a number of detection systems - a 
given response occurring as a result of a chain of events.) 
Table 3.8 
Results Showing the Effect of Eluent Composition on Response and Ry for MSB 
Eluent Composition 
10%T 90%H MSB 20ng 1 
15%T 85%H MSB 20ng 1 
20%T 80%H MSB 20ng 1 
25%T 75%H MSB 20ng 1 
Range 
16 
16 
16 
16 
Back-
ground 
17 
17 
17 
17 
Pk Area/ 
mm2 
29 
34.4 
40.2 
45.6 
T = toluene 
H = hexane 
4.46 
3.2 
2.6 
2.3 
MSB = methylstyrylbenzene 
0.97 
1.00 
1.00 
1.00 
average values, 
each figure 
represents six 
measurements. 
50 
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Figure 3.9 (1) Variation in Peak Area vs Toluene Concentration 
for 20ng MSB Gl Rl6 
( 2 ) Vt dation in Retention Volume with Toluene 
Concentration for 20ng MSB 
Table 3.9 
Results of Acetonitrile - Toluene Mixtures 
Compound Gain Range 
POPOP 400 1 64 
A.F 430nm 400 1 16 
400 1 64 
400 1 64 
400 1 64 
400 1 64 
* results normalised to Range 16 
Back-
ground 
29% 
34 
30 
23 
29 
28 
* Area/ 
mm 2 
1880 
1800 
1740 
1680 
1652 
1560 
(figures given are average of five measurements) 
POPOP = 1,4-di-[2-(5-phenyloxazolyl)]-benzene 
k' & 
mls 
15.0 10.0 
8.3 3.6 
5.0 4.4 
3.0 2.7 
2.3 1.6 
2.2 1.1 
% 
CH-;-CN 
4 
6 
8 
10 
12 
14 
3.10 
1900 
Peak area /mm2 
1800 
1700 
0 
1600 
9 94 9 86 
4 6 8 14 
Figure 3.10 Peak Area/mm 2 vs Toluene/CH,CN Variation for 400ng POPOP 
'POPOP = 1,4-di-[2-(5-phenyloxazolyl)]-benzene 
ss 
for a given system i.e. source activity and eluent, the light output 
will be proportional to [S]. 
3.S (i) Linearity of Detection 
As one of the major aims of this work was the development of the total 
system with an optimum sensitivity, the limits of detection and lineari-
ties of response altered during the initial stages. As already dis-
cussed in Chapter 1 the linear working range of a detector is an i~port­
ant parameter to be considered in development work.. In order to check 
the linearity of the BIF detector a standard solution of anthracene, 
fluoranthene and perylene was prepared. The relative intensities of 
the signals for the three compounds differed markedly, so a standard 
solution containing 3ngul- 1 anthracene,2ngul- 1 fluoranthene and 
i.Sngul- 1 perylene was. chosen. This solution was diluted to 1110 its 
strength and for the other end of the range a solution containing 
30ngul- 1 anthracene,20ngul- 1 fluoranthene and 7.S ngul- 1 perylene was 
prepared. Use of these solutions made it possible to cover a wide 
range(i.e. 103 )whilst still keeping comparable injection volumes. 
Results obtained appear in Table 3.10,and Figures 3.11, 3.12 and 3.13 
give graphical representations of the results obtained for the three 
compounds. The compounds chosen are the ones used in the applications 
part of the project, see Chapter S. 
3.6 The Reliability of Analytical Data 
As every physical measurement is subject to a degree of uncertainty, 
one of the roles of an analyst is to reduce such uncertainties to an 
acceptable level. Determination of the magnitude of these parameters 
is often difficult, but obviously, any analysis of totally unknown 
reliability is worthless. 
In the development of a new detection system, along with its subsequent 
analytical applications, it is important that the limits of standard 
error. affecting such systems, be set with a high degree of certainty. 
By virtue of the developmental nature of such work, results may not 
initially be highly accurate or sensitive, but provided that the method 
is reliable improvements in these areas can usually be made at a later 
Table 3.10 
Linearity of ResEonse in 8% Toluene 92% Hexane for Anthracene, Fluoranthene and Perylene. ChromatograEhic Conditions 
u Porasil ~ Module ~Waters2 
§!!!. Gain Noise D!B. A mm Corrected f...!!&. Fmm Corrected f..!!&. Pmm Corrected 
Gain 
Factor 
A so 15 1.2 30 6.5 0.8 ss 11.8 0.6 65 14.0 
20/50 
so 15 1.8 so 10.8 1.2 85 18.3 0.9 97 20.9 = 2.11 
so 15 2.4 67 14.4 1.6 108 23.3 1.2 121 26.1 
so 15 3.0 81 17.5 2.0 136 29.3 1.5 152 32.7 
B so 15 3.0 79 17.0 2.0 127 27.4 1.5 140 30.2 
so 15 3.0 83 17.9 2.0 . 125 26.9 1.5 135 29.1 
20 7 3.0 37 16.8 2.0 58 26.4 1.5 63 28.6 10/20 
20 7 6.0 75 34.1 4.0 123 55.9 3.0 135 61.4 = 2.2 
10 4 6.0 37 37.0 4.0 61 61.0 3.0 67 67.0 
10 4 6.0 33 33.0 4.0 56 56.0 3.0 63 63.0 5/10 
10 4 12.0 67 67.0 8.0 110 110.0 6.0 124 124.0 = 2.08 
10 4 12.0 72 72.0 8.0 121 121.0 6.0 132 132.0 
5 1 18.0 48 99.8 12.0 79 164.3 9.0 89 185.1 
5 1 24.0 67 139.4 16.0 108 224.6 12.0 121 251.7 
5 1 12.0 35 72.8 8.0 58 120.6 6.0 64 133.1 
5 1 18.0 53 110.2 12.0 88 188.0 9.0 98 203.8 
2 30.0 39 162.2 20.0 64 266.2 15.0 72 299.5 
Table 3.10 (continued) 
Std ~ Noise !..!!& !...!!!!!!. Corrected .E....!!.8. Fmm Corrected· f..!!.& R...!!!!!!. 
Corrected Gain Factor 
B 5 1 18.0 54 112.3 12.0 89 185.1 9.0 98 203.8 
5 1 24.0 71 147.7 16.0 117 243.4 12.0 131 272.5 
5 1 30.0 89 185.1 20.0 145 301.6 15.0 160 332.8 
5 1 30.0 94 195.5 20.0 152 316.2 15.0 170 353.6 2/5 
5 1 12.0 32 66.6 8.0 54 112.3 6.0 61 126.9 = 2.0 
5 1 24.0 65 135.2 16.0 107 222.6 12.0 119 247.5 
2 30.0 37 153.9 20.0 60 249.6 15.0 67 278.7 
2 42.0 52 216.3 28.0 84 349.4 21.0 93 386.9 
2 60.0 75 312.0 40.0 121 503.4 30.0 135 561.6 
1 60.0 38 316.2 40.0 60 499.2 30.0 67 557.4 1/2 
1 60.0 31 257.9 40.0 51 424.3 15.0 29 241.3 = 2 
1 150.0 61 507.5 100.0 98 815.4 37.5 58 482.6 
1 210.0 99 823.7 140.0 150 1248.0 52.5 94 782.1 
0.5 210.0 45 749.0 140.0 69 1148.0 52.5 43 716.0 
0.5 210.0 34 566.8 140.0 54 898.6 52.5 32 532.5 
0.5 210.0 35 582.4 140.0 56 932.0 52.5 33 549.1 
c 0.5 300.0 49 815.4 200.0 74 1231.4 75.0 46 765.4 
0.5 300.0 47 782.1 200.0 71 1181.4 75.0 46 765.4 
0.5 450.0 69 1148.2 300.0 99 1647.4 112.5 66 1098.2 0.5/1 
0.5 600.0 89 1481.0 400.0 120 1997.0 150.0 86 1431.0 
= 2.0 
Table 3.10 (continued) 
Std ~ Noise !....!!& A mm Corrected I..!!& 
Fmm Corrected f..1!g_ Pmm Corrected 
Gain 
Factor 
c 0.5 300.0 85 1414.4 400.0 116 
1930.2 150.0 82 1364.5 
150.0 82 1364.5 
0.5 225.0 106 1764.0 
0.5 300.0 128 2130.0 
0.5 
0.5 1000.0 115 1914.0 
0.5 1500.0 135 2246.0 
0.5 2000.0 147 2446.0 
0.5 600.0 142 
2363.0 
0.5 1000.0 152 
2539.0 
0.5 1000.0 153 
2546.0 
0.2 1000.0 70 
2330.0 
400 
Response 
I mm 
300 
200 
Figure 3.11 (a) 
Response/mm Corrected 
to GlO vs Mass of 
Anthracene/ng 
50 100 50 
Mass of anthracene I ng 
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100101--
Fi ure 3.11 
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Res onse/mm Corrected to GlO vs Mass of Anthracene/n 
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Figure 3.12 (a) Response/mm Corrected to GlO vs 
Mass of Fluoranthene/ng 
1 0 
2500 
2000 
Response 
/mm 
1.50 
1000 
5 
Figure 3.12 (b) Response/mm G10 vs 
Mass of Fluoranthene/ng x 102 
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Figure 3.13 (a) Response/mm Corrected 
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Figure 3.13 (b) Response/mm x 10 Corrected 
to G10 vs Mass Perylene/ng 
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stage. Calibration of equipment and experiments designed to provide 
clues to the possible sources of errors, when combined with a statis-
tical·analysis of the results at various stages, form the basis for 
the development of a new analytical method. 
In general, errors can be classified as indeterminate or determinate. 
The former group fluctuate in a random manner and result from extending 
a system of measurement to its maximum. The latter group, however, 
have a definite measurable value which can usually be accounted for. 
Determinate errors originate from personal, instrumental or method 
errors, and can be furth,~r classified as either constant or propor~ 
tional errors. A constant error obviously becomes more serious the 
smaller the quantity being measured. In order to eliminate any varia-
tion in such errors during this work,. comparable masses of analytes 
and standards were chromatographed sequentially under as near identical 
conditions as were possible. 
Instrumental and personal errors can usually be corrected by calibra-
tion procedures and analytical discipline. Method errors or systematic 
errors are a little more difficult to overcome, but in this work blank 
determinations and/or the method of standard additions have been used 
to expose such sources of error. 
Indeterminate errors cannot be controlled by the analyst, so in this 
area a statistical approach is normally used. The measurement of the 
precision of a result gives an indication of the reproducibility of an 
analytical procedure. In this work the relative standard deviation 
in a set of results is used as an indicator of the precision of a 
particular method. A direct comparison of these quantities then helps 
with the optimisation of experimental parameters. 
In presenting the raw analytical data diagrammatically,results taken 
from replicate measurements have been treated in one of two ways; in 
some experiments an average value has been used for the ordinate axis 
and in such cases an individual point appears on the Figure. Where an 
"error bar" appears the line represents the spread of results obtained. 
This spread obviously indicates the extremes of the combination of 
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indeterminate errors associated with that measurement. That these 
results are from small sets of replicate measurements (n = 2-10) 
means that only an approximation of the standard deviation is poss-
ible, a simple way of obtaining such a value (s) is given by 
w 
s =-
~ where s = approximate value of S.D. 
W = spread of data 
N = number of measurements. 
Experimental data obtained from instruments involving radioisotopes 
require additional statistical treatment. For example, if one takes 
a sample of radioactive material (with a half-life which is long com-
pared with the time scale of the experiment) and counts the number of 
decays detected in a series of equal time intervals, the statistical 
fluctuations inherent in the decay rate will produce different numeri-
cal values for the recorded results. Obviously such variation will 
produce similar fluctuations in the rate at which photons are detected 
in BIF. The only way a "true" arithmetic mean could be obtained would 
be if an infinite number of photon count rates were recorded. If such 
results were plotted as the distribution of the number of times (n) 
that a particular count Xi is recorded, we obtain a curve which is a 
graphical representation.of the distribution function of the data - The 
Poisson Distribution. 
For this work new error limits were derived from this Poisson 
Distribution and we have taken the standard error to be equal to the 
count in a one 
second time interval. 
In all of the theoretical arguments we have assumed a measurement 
timescale of ls, so that the 
noise = /Photons detected in a ~one second time period. 
Further, in assessing the errors associated with the analysis of low-level 
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contaminants present in environmental samples, it is important to be 
aware of both the physical and chemical interactions that may be occur-
ring. A recent psper 33 by the Thames Water Authority points out the 
hazards from artefacts inherent in the analysis of trace organic com-
pounds in water samples. In building up a method based on their 
GC - MS facility they have carefully evaluated available methods for 
the extraction and concentration of these compounds present in water 
samples in the range up to 1~gl- 1 • Their approach followed much the 
same path that ours had done,with similar conclusions. They did, 
however, conduct rigorous tests on the adsorption resins, and like us 
they concluded that a significant contribution to overall artifact 
levels (spurious peaks in the chromatograms) arise from the inter-
action of the adsorbent with water. 
3.7 Use of Optical Filters in the Prototype Detector 
One way of enhancing beta induced fluorescence sensitivity would seem 
to be via reduction of the background signal. The noise in the back-
ground signal may be represented by om where: 
+ Om = 3.5 
Any reduction in this term will therefore increase the signal-to-noise 
ratio. The introduction of optical filters, which absorb many of the 
photons resulting from solvent fluorescence, help to keep the value of 
dm to a minimum. It may be seen from the BIF spectrum of toluene 
(Figure 3.15) that the source of the background is the tail of the 
spectrum extending through to >400nm. That this tail is due to exci-
mer fluorescence and therefore dependent upon [M] can be demonstrated 
by the BIF spectra recorded for solutions containing increasing amounts 
of toluene in hexane; Figure 3.16. On further consideration of the 
spectra for 2.6M anthracene in toluene (repeated here as Figure 3.17) 
it can be seen that the incorporation of an optical filter at ea. 390nm 
should significantly increase the SfN ratio for anthracene or any other 
analyte which fluoresces above 390nm. The relationship between sensi-
tivity and [M] has been discussed in Section 3.4. As a consequence of 
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such dependencies one has to weigh any enhancement in the analyte fluor-
escence which is due to an increase in [M], against the decrease in the 
signal-to-noise (background) ratio which follows from the increased 
eluent fluorescence. This point is also covered in Section 3.3 where 
results are presented 
toluene. The optimum 
for dopant species having longer life times than 
is thus 
stitutes a limiting factor on 
very much a compromise and, indeed, 
the sensitivity of BIF. 
3.8 Example Chromatograms and Derived Limits of Detection 
con-
During the course of this work a number of factors were changed owing 
to the development nature of the project. Different source activities 
were used, optical filters incorporated, and modifications to the elec-
tronic circuits made. Chromatograms obtained under these various con-
ditions are presented collectively in the following pages. Using the 
numerical values given in Table 1.5 for the rate parameters and taking 
ds = 0.25 and dm <10- 4 (achieved in practice by the use of a 390nm cut-
off filter) the response of the prototype BIF detector to a 200ng 
sample of anthracene may be calculated. For the prototype system oper-
ated with a 15 x 0.4cm column of 5~m Lichrosorb eluted with 90% hexane/ 
10% toluene at a flow-rate of 2 mlmin- 1 , the peak concentration of 
anthracene in the flow cell (estimated independently by UV absorption 
measurements) was = 9 x 10- 7M; this leads to a calculated RB(S) of 
= 2160 s- 1 • The experimental value of 2120 ±50 s- 1 is in good agree-
ment with this which suggests that Equation 1.19 offers a reliable 
guide to the BIF signal to be expected from small samples. Figures 3.18 
to 3.25 present experimental chromatograms together with the correspond-
ing limit of detection. Comparison of these figures with those predicted 
in Chapter 1 page 31 indicate that we have been successful in achieving 
our objectives. We have been able to make theoretical predictions of 
BIF detector responses under certain conditions, and subsequently demon-
strate the validity of such predictions. 
We consistently found the Waters ~-Porasil column superior to the 
~-Porasil Z-module. However, obviously, the mass of sample loaded onto 
the column dictates the performance obtainable with a particular system. 
The chromatograms also demonstrate the effect of [M] on sensitivity and 
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p 
F 
F 
Prototype 
A 
A 
4ng A FP 
L.O.D. anthracene 550 pg. L.O.D. anthracene 500 pg 
flu oranthene 260 pg f luoranthene 2 50 pg 
perylene 220 pg perylene 210 pg 
Gain 10 Range 256 f.0·5 
Eluent 8% toluene 92% hexane 
Column 25cm Waters ;U Porasil 
Chart speed 20 cm.hr 
_, 
Flow rate 1·04 ml.min-1 
Age of source = 8 months. 
Figure 3.18 Limits of Detection Obtained when Waters 
U Porasil Column used with 8% Toluene 92% Hexane. 
100 mCi 1 ' 7Pm source 
U Porasil column 
10% toluene 90% hexane 
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:: 2ng 
R4 . G20 f 0.5 
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noise 4mm 
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A B 
230 pg 230 pg 
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Figure 3.19 Limits of Detection Obtained one week after Column 
Cleaning and Drying Procedure. 
(Cell position had been adjusted by moving it closer to the source). 
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0·02ppm 
D 
~ 
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MSB "' 50 pg 
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Figure 3.20 Chromatograms Together with Limits of Detection for DPHT, A & MSB 
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Figure 3.21 Limits of Detection Obtained for Diphenylhexatriene 
Eluted in 15% Toluene 85% Hexane. 
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Figure 3.22 Chromatograms with Limits of Detection for 
Anthracene, Diphenylhexatriene, Methylstyrylbenzene, 
Pyrene and Benzoaflpyrene. 
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Figure 3.23 Chromatograms for AF & P 
Showing the Effect of Volume Injected on 
the Limit of Detection. 
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t t 
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Figure 3.24 Limits of Detection Obtained for Pyrene and 
Benzo [a] pyrene 
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as a consequence, the limit of detection. When such parameters were 
optimized we obtained some of our best results typified by the chroma-
tograms presented as Figure 3.25. 
Further instrumental developments and modifications of the photophysico-
chemistry would seem to be possible and discussion of such extensions to 
this work can be found in the final section of Chapter 5. 
3.9 Electronic Filtration of the Signal 
One unfortunate characteristic of beta induced fluorescence detection 
in this work was .the relatively high signal level from the eluent, and 
the consequent background noise which resulted from variations in this 
signal. 
As already mentioned in Chapter 2, page 42, for this project an elec-
tronic filter system was designed and incorporated into the detector 
electronics 3 • The author had previously used such an electronic fil-
ter in her radiochromatographic research (see Appendix). Use of this 
filter in the BIF detector considerably improved the quality of the 
recorded chromatograms; Figure 3.26 (c) demonstrates the effect of 
inserting the filter unit between the ratemeter and recorder. It can 
be seen that much clearer peak outlines are obtained. Therefore, better 
quantitation, together with enhanced signal-to-noise ratios, which allow 
for tighter error limits, result in greatly improved detection. 
Figure 3.26 shows the detector response to 20ng samples of p-terphenyl 
with selected standard deviations of (a) 3% and (b) 1% (the smallest 
value available). In both cases the count rate recorded from solvent 
(hexane) alone, which is ~ 9.103 cps, leaves the recorded baseline 
well up the chart. Figure 3.26 (c) shows the effect of the filter with 
a cut-off frequency of O.lHz selected and a d.c. gain of unity. 
Figure 3.26 (d) shows the further improvement in the recorded signal 
obtained when run (c) is repeated using a d.c. gain of x3 and with the 
baseline level offset to the lower edge of the chart paper. Experiments 
were carried out to quantify any improvement, Figure 3.27 (a) shows 
the relationship between the signal-to-noise ratio and the reciprocal 
11 Porasil column 
10% toluene 90% hexane 
flow rate 0•94 ml min-1 
background 115,000 c,p,m. 
source age =1 month 
LOO= 240 P9 A. 
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4;111 
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Figure 3.25 Chromatograms Showing Best Limits of 
Detection Obtained with the Instrument. 
a b c d 
Figure 3.26 Output from BIF detector for 20ng samples of 
p-terphenyl eluted from Lichrosorb column using hexane solvent: 
(a) and (b) without filter, (c) with filter, and (d) with filter, 
zero offset and d.c. amplification. 
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Figure 3.27 (a) Effect of Electronic Filtration on Response. 
Averaged SIN Values vs Reciprocal of Cut-off Frequency Hz- 1 • 
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of the filter cut-off frequency, again we see the dramatic improvements 
in relative response. If, however, we plot the response in mm against 
11Hz, Figure 3.27 (b), we see that there are limits to what is achiev-
able owing to depression of the peak height. 
50 
• 
• • • 
Hz-1 
01~-------------*2--------------~4--------------~------------~~------------~~ 
Figure 3.27 (b) Effect of Electronic Filtration on Response. 
Averaged Peak Heights/mm vs Reciprocal of Cut-off Freguency/H7 - 1 , 
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CHAPTER 4 
Quenched Beta Induced Fluorescence, QBIF 
4.1 The Principles of QBIF 
In Chapter 1 the principle of beta induced fluorescence (BIF) was 
described 11 • 12 and applied to the detection of fluorescent materials 
separated by liquid chromatography. The elementary processes involved 
in BIF were examined and a kinetic analysis was used to derive ex-
pressions for the BIF signal and signal-to-noise ratio of a typical 
h.p.l:c. detector responding to highly fluorescent materials. 
The BIF technique may be extended to detect non-fluorescent materials 
which quench fluorescence from the chromatographic eluent. The pro-
cesses relevant to the kinetic analysis outlined below have already 
been collected in Table 1.4; the nomenclature used in previous dis-
cussions has also been retained. Phosphorescent processes apart, it 
is possible to obtain from Equation 1.16 the rate of photon emission, 
Pm, when an eluent composed of a fluorescent species M, e.g. toluene, 
and a relatively non-fluorescent species such as hexane is passed 
through the BIF cell. In the absence of any highly fluorescent solute 
S, this may be written:-
. 
Pm = 4.1 
(Table 4.1 previously Table 1,4 is presented here for convenience.) 
Where k0 is a function of the rate at which S- particle energy is de-
posited in the solution contained in the flow-cell and [Q] is the con-
centration of any quencher species, Q, in the eluent which causes the 
quenching of 1M~ by process 15. The relevant rate constants for 
toluene 19 are collected in Table 4.2. If these values are inserted 
into Equation 4.1 for a 1% toluene/99% hexane deoxygenated (i.e. [Q]=O) 
mixture ([M] ~ 0.1M), then the calculated rate of photon emission, from 
1 (a) 
2 
3 
4 (b) 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
Table 4.1 
Basic processes involved in BIF 
lS* + Q---+ 
ss* + Q 
assume d1M* = k0 [M] formation 
dt 
M 
2M 
2M 
M 
M+ Q 
2M +Q 
S + hv 5 
s + Q 
s 
s + Q 
S + hv 6 
s 
1S* + 2M 
Notes 
(a) A multi-stage process 
involving ions and higher 
excited states. We assume 
that the rate of this pro-
cess = ko [M], where 
ko = f(E 0 (t)). 
(b) Treated as unimolecular 
for simplicity. In practice 
processes involved are large-
ly bimolecular, but relative-
ly insensitive to the nature 
of the collision partner for 
solvents of interest in this 
work. 
Table 4.2 
Rate parameters relevant to the BIF emission 
from toluene based eluents 19 
k2 = 5.1 X 1010 M-1 s-1 
12 = 9.2 X 1011 s-1 
k3 = 4 X 106 s-1 
k, = 3 X 107 s-1 
ks = 1 X 107 s-1 
k7 
"' 
w• s-1 
kl3 
"' 
w-1 s-1 
kH > w• s-1 
kls = 5,7 X 1010 M-1 s-1 for Q = oxygen 
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the previously described BIF flow-cell operated with a 40 MBq(mCi) 147Pm 
source 12 • 34 (k0 ~ 4.5 x 10~M- 1 s- 1 ), is Pm~ 1.35 x 106s-1 • This is in 
good agreement with the experimental photon detection rate of 
~ 2.8 x 105s- 1 obtained12 • 34 using a photomultiplier having a photo-
cathode quantum efficiency of ~ 20%. When toluene/hexane eluents are 
saturated with air the oxygen concentration is normally 19 between 
2 x 10- 3 and 5 x 10- 3M as stated in Section 3.1, where further details 
of the quenching effect of oxygen on the fluorescence (and phosphores-
cence) of toluene are also given. 
The quenching effect produced by some molecules may be used for the 
detection of those species. Molecules which accept energy from 1M~ 
and dissipate this energy by means other than emission, cause a reduc-
tion in the photon count rate recorded by the photomultiplier. 
In such systems it is possible to measure this drop in light output 
and relate it quantitatively to the amount of quenching species (see 
Figure 4.1). In instrumental terms the measurement of a drop in light 
output from a high value to a lower one (the opposite of normal BIF) 
was found to be unsuitable for measurement by pulse counting because 
of the relatively high count rates involved. It was therefore necessary 
to modify the prototype detection system described in Chapter 2 to in-
corporate an integrated anode current measurement system. Such elec-
tronic rearrangements were implemented when the "Mini BIF" was con-
structed and the details are given in Section 4.4. 
4.2 The Detection of Fluorescence Quenchers 
The principle outlined above may be used for the detection of quencher 
species eluting from an h.p.l.c. column. If a deoxygenated toluene/ 
hexane mixture is used as the eluent; then the peak magnitude of the 
quenched beta induced fluorescence (QBIF) signal recorded by the photon 
detection apparatus is given by 
Rq[Q] = dm[Pm([Q]) - Pm([Q]=O) J 4.2 
where [Q] is the peak concentration of quenching material in the detec-
tor flow cell, and dm is the efficiency with which the eluent emissions 
are detected. 
photon 
flux 
detected 
eluted 
----elution of photon 
absorbing material 
volume 
Figure 4.1 Schematic Chromatogram Illustrating the Negative-going 
Signal Produced when a Quencher Species Reduces the Background 
Photon Count Rate 
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Equations 4.1 and 4.2 may be combined to yield 
= 4.3 
i.e. a negative going signal with a peak magnitude which is a function 
of the (flow cell) concentration of the quenching species, Q. 
The initial QBIF signals recorded following the separation of benzaldehyde, 
anisaldehyde and propanone (6ug of each in a 20ul sample volume of hexane 
solvent) on a 15 x 0.6cm column of Sum Lichrosorb eluted with a deoxy-
genated 98% toluene/2% acetonitrile eluent at a 'now rate of 1 ml min- 1 
are shown in Figure 4,2, (The first peak is a solvent peak consisting 
of the air-saturated sample solvent12 ). The integrated responses (peak 
areas expressed as photons) obtained from a variety of samples eluted 
in toluene-based eluents are collected in Table 4.-3. It became clear 
that QBIF could be used to detect the elution of species which would be 
expected to quench the fluorescence of toluene, e.g. molecuies with 
highly polar functional groupings. 
It thus became relevant to consider the sensitivity of the QBIF tech-
nique for the detection of "good" quenchers, which may be considered 
to be those species which quench the excited eluent molecules effi-
ciently and for which k15>10 10M- 1s- 1 • As before 34 we may take the 
noise in the recorded eluent signal as the root variance of the photon 
detection rate, am, where 
4.4 
where Id is the dark signal, P8d8 the signal detected from sources 
other than solvent fluorescence, and T is the characteristic time of 
the detector electronics (see below). 
For QBIF no effort has been made to reduce dm to zero (as was the case 
in normal BIF) 12 so that, for a toluene-based eluent, 
3 
2 1 
s 
S=HEXANE 
t=BENZALDEHYDE 
2=ANISALDEHYOE 
3=PROPANONE 
Figure 4.2 BIF Chromatogram Showing Detection of 
(1) Benzaldehyde, (2) Anisaldehyde and (3) Propanone 
(~ 6 ~g of each), Following Elution from a 15 x 0.6 cm 
Lichrosorb 5 ~m Column Using 98% Toluene/2% Acetonitrile 
Flowing at~ 1 ml min- 1 • 
Compound 
propanone 
butan-2-one 
ethanal 
anisaldehyde 
Table 4.3 
Response in QBIF Mode of Eluted Materials 
(normal phase chromatography) 
Fluorescent 
Solvent background 
(cps) 
5% acetonitrile 354,000 
+ 
95% toluene " 
" " 
" " 
cinnamaldehyde " " 
benzaldehyde toluene 428,000 
nitropropane " " 
nitrobenzene 90% hexane 350,000 
+ 
10% toluene 
Response, 
(-counts/IJg 
sample) 
84,800 
67,500 
119,400 
182,600 
268,400 
268,700 
167,200 
235,400 
[. ]t = Pm~m 
The signal-to-(eluent)noise ratio for QBIF may be written from 
Equations 4.3 and 4.5. 
4.5 
= ldm(k 3+k 31 [M])k0 [M]T-rmlt (k 30 [M]+l) 4.6 
where Tm = (kHk•+ks)- 1 , the lifetime of the fluorescing species. 
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Equation 4.6 illustrates that the signal-to-noise ratio, and so the 
.sensitivity, of the QBIF detector may be increased by increasing the 
characteristic time, T, of the detection system. If the technique of 
single photon counting (prototype) is used then T is the sampling 
time 32 , whereas if the measurement of anode current is used (Mini BIF) 
to quantify the photon detection rate then T = -r/2, where T is the 
RC time constant of the integrating circuitry32 • 
In normal mode BIF systems single photon counting provides the best 
method of determining the photon detection rate (at least as far as 
statistical noise is concerned). However this technique has severe 
limitations for the QBIF mode, as the signal-to-noise ratio is 
governed by Equation 4.6 which, when written as 
= 4.7 
illustrates the desirability of operating with dmPm (i.e. the photon 
detection rate) as large as possible. Single photon counting becomes 
susceptible to errors resulting from pulse pile-up at counting rates 
in excess of 106s-1 , and the lower value ofT inherent in using RC 
integration for anode current measurement is more than offset by the 
improvement which becomes possible when photon detection rates in 
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excess of 108s-1may be encountered. However, limitations on the value 
of T are set by the chromatographic requirement that the time constant 
for detector response be small compared with the peak rise-time 35 • 
This time constant (governed by T = RC) must generally be kept below 
2 seconds, so that T ~ 1 s. 
The limit of detection of the QBIF detector, which may be taken as 
the concentration of a "good" quencher which may be detected with a 
signal-to-noise ratio of 2, may also be evaluated from Equation 4.7. 
If we consider toluene-based eluents (i.e. (k 3+k4 +k 5 ) ~ 4.4 x 107 s- 1 
and k15 ~ 5 x 1010M- 1s-1 ) and a detection system for which dmT = 0.2, 
then the limits of detection for various eluent emission/rates are 
given in Table 4.4 where the detected concentrations refer to [Q] in 
the detector flow cell. In a typical modern chromatographic system 
operated with a micro-particulate column, dilution factors of between 
10 and 20 are common for retained peaks (i.e. the ratio between the 
[Q] of the sample injected and the maximum [Q] in the detector during 
peak elution). Assuming an average dilution factor of 15, and a BIF 
detector flow cell volume of 10 ~1, the detection limit in terms of 
number of moles of Q may be calculated, and the corresponding values 
are recorded in Table 4.4. 
4.3 Variation of Response with Concentration 
Equation 4.3 shows how the magnitude of the QBIF response, Rq(Q),· 
varies with the concentration of the quenching species, [QJ. in the 
detector flow cell. Even for efficient quenchers, for which 
k15 > 1010M-1s-1 , (k3+k4+k5 ) >> k15 [Q] for [Q] < 10-4M, so that at 
the detector concentrations of interest in most h.p.l.c. analyses 
Equation 4.3 approximates to 
4.8 
which may also be written 
4.9 
Table 4.4 
Theoretical Limits of Detection of Quenchers in QBIF 
Detector Operated with Toluene Based Eluents 
Toluene Emission(a) 
rate /s- 1 
105 
3 X 105 (b) 
106 
3 X 106 
107 
108 
Notes 
Limits of Detection 
m1n1mum detected 
concentration/M 
1.24 X 10-s 
7.19 X 10-6 
3.94 X 10-6 
2.27 X 10-6 
1.24 x·10-6 
3.94 X 10-7 
typical minimum 
sample size/Mole 
1.9 ·X 10-g 
1.1 X 10-9 
5.9 X 10-10 
3.4 X 10-10 
1.9 X 10-10 
5.9 X 10-11 
(a) photon detection rate is generally ~ 20-30% of this value; 
in these calculations dm = 0.2. 
(b) close to the rates obtained with the prototype BIF system 
operated with a 1 mCi 147Pm source. The predicted limit of 
detection is equivalent to ~ 150 ng of nitrotoluene, which 
agrees well with the experimental value of ~ 200 ng. 
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Equation 4.9 predicts a linear dependence of the QBIF response with 
quencher concentration, although we expect a departure from linearity 
at high values of [Q] as the approximations which led to Equation 4.8 
breakdown. Furthermore from Equation 4.3 we can see that the departure 
from linearity at high quencher concentrations will appear as smaller 
responses than predicted by Equation 4.8. 
That these predictions are borne out in practice may be seen·in 
Figure 4.3 where the QBIF response recorded by the prototype detector 
system for samples of benzaldehyde (eluted in toluene, other conditions 
as Figure 4.2) is shown as a function of benzaldehyde loading of the 
column. Clearly the detector response is a linear function of column 
loading up to~ 2~g (~ 7 x l0- 3M), and, with a column dilution factor 
of ~ 20 in this case, corresponds to a detector cell peak concentration 
of ~ 2 x 10-4M, in good agreement with the limitations of the linear 
region discussed above. 
4.4 Mini BIF 
The principle of QBIF is based on the drop in light intensity seen by 
the photomultiplier as an analyte passes through the flow-cell. As 
was briefly mentioned in Section 4.1 the Prototype BIF instrument cir-
cuitry was not suitable for use in QBIF measurements. By modifying the 
electronics to allow measurement of the time-averaged anode current, a 
very simple detector was constructed (the "Mini BIF"), Plate 2 shows the 
complete detector whilst Figure 4.4 gives the circuit diagram. This 
instrument was used for all QBIF experiments and incorporated the Mark I 
cell with its quartz window. The flow cell was machined from type 316 
Stainless Steel according to the design shown schematically in Figure 4.5. 
Inlet and outlet tubing for the eluent were brazed into the body of the 
cell. The front face of the cell body was polished to allow a leak-proof 
seal with the 2 x 19mm (diameter) Spectrosil A window. The active volume 
of this cell may be calculated from the 2mm diameter of the hole housing 
the beta source and the distance between the face of the beta source and 
the cell window. This distance could be varied using the source position-
ing screw and was varied between 0.5mm and 3.00mm, so that active volumes 
between ~ 1.5 and 10~1 were used. The overall dimensions of the cell, 
neglecting connecting tubing, were approximately 40 x 30mm. The window 
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Figure 4.3 Variation of QBIF Detector Response (peak areas in 
Arbitrary units) for Benzaldehyde Samples as a Function of Sample 
Size. In this Case the Eluent was Deoxygenated Toluene. 
. .. ··~ '• ~ 
.'f'he. :,._'trt{l'tt:··. 
"'··;-

................... -------------------------------------------
pmt. 
uod e 
I 
[ 
OM 
100 10 
zero 
+15v J. 33 ~ lOO gaLn 
330 
IM 
4u7 
lOO 10 
'--..._ 10 10 ~> ,... /,... 
~ 
V ( ) 10 10 10 ~- lOOp 10 b 10 47u IOOu 
Figure 4.4 Circuit Diagram of the MiniBIF Detector 
I 
T 
0 
ecorder 
ut.put. 
_!...,. 
SIDE VIEW END VIEW 
M k. I BIF FLOW CELL 
Figure 4.5 Details of the Construction of the Flow Cell used in the 
Experimental QBIF System. The Window was 2mm thick Spectrosil A, and 
the Body of the Cell was Stainless Steel. 
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of the flow cell was separated from the photomultiplier window by an 
air gap of ~ lrnrn (due to the cell window retaining ring). A better 
optical contact would probably improve photon transmission but was not 
attempted with this instrument. Optical filters were placed between 
the flow cell and the photomultiplier tube during the course of some 
of our measurements; Figures 4.6(a) and (b) show examples of such 
results. Before meaningful results could be obtained it was necessary 
to calibrate accurately the anode current to output voltage conversion 
gain control. This was done by using the signal variation produced by 
the baseline shift control to simulate variations in anode current, 
allowing a range of signal levels to be presented to the amplifier 
stages. The output could then be measured on the chart recorder for 
different gain settings. 
Two other techniques for calibrating the conversion gain were also tested 
and the results are given below. 
Calibration Procedure for Detector Operating in the Quenched Mode 
(a) By selecting a gain setting and adjusting the pen to a 
determined value subsequent gain settings produced a reading 
pre-
directly 
proportional to the electronic characteristics of the operational 
amplifier feedback circuits, designed to provide gain settings in 
nominal steps of 3.3. 
Results obtained by this method were:-
Factor between G3 3.16 Gl = 
GlO 3.35 G3 = 
G30 3.02 GlO = 
GlOO 3.52 G30 = 
G300 3.40 GlOO = 
(b) By recording the background signal from toluene for different 
.................... -----------------------------------------
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Figure 4.6 (a) Mass of Benzaldehyde/ug vs Response/mm2 
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gains as a pen displacement on the chart, the following ratios were 
obtained:-
G3 3.11 G1 = 
G10 3.54 G3 = 
G30 3.08 G10 = 
(c) Secondly gain ratios were calculated from the peak height obtained 
for a Sul injection of 900ppm benzaldehyde in hexane : 7. 2 g 
G3 3.31 G1 = 
GlO 3.33 G3 = 
G30 2.91 GlO = 
G100 3.30 G30 = 
The folowing Basic program was used to calculate accurately the peak 
areas (response) 
1 PRINT"DATA FROM KEYBOARD OR DISC?":PRINT:PRINT 
2 PRINT"TYPE 0 FOR KEYBOARD" 
3 PRINT"TYPE 1 FOR DISC" 
4 INPUT K:K=-K 
5 PRINT:PRINT:PRINT"GIVE FILENAME": INPUT F$ 
6 IFK=OTHEN OPEN 4,8',13,"@0:"+F$+",S,W" 
7 IFK=-1 THEN GO SUB 2000 
9 J$="-1,-1,-1,-1"+CHR$(13) 
10 DIMG(lOO) 
20 FOR I=1T0100:G(I)=O.:NEXT I 
25 OPEN 3,4,1 
30 GO SUB 1000 
40 PRINT"3GAINS":PRINT:PRINT:GO SUB 500 
41 PRINT#3, "GAINS OF MINIBIF" :GO SUB 500 
50 I=l:GO SUB 900 
51 I=3:GO SUB 900 
52 I=lO:GO SUB 900 
53 I=30:GO SUB 900 
54 I=lOO:GO SUB 900 
55 GO SUB 500 
59 PRINT#3, "CONC. PPM HEIGHT 
60 IFK=O THEN GO SUB lOO;GO TO 60 
70 IFK=-1 THEN GO SUB 2030:IFJ<O THEN STOP 
71 GO SUB lSO:GO TO 70 
99 · END 
lOO REM 
llO INPUT"3GAINS" ;J 
70 
AREA":GO SUB 500 
115 IFJ<O THEN PRINT#4,J$;:CLOSE4:CLOSE3:GO TO 9999 
120 INPUT"PEAK HEIGHT";H 
130 INPUT"PEAK WIDTH"; W 
140 INPUT"SAMPLE CONC. PPM";P 
145 PRINT#4 ,J; ", ";H;"," ;W; "," ;P; CHR$(13); 
150 C=P/lOO:REM MICROGRAMMES 
160 R=H/G(J):A=R*W 
170 PRINT"3CONC. PPM HEIGHT 
180 PRINTC;TAB(8);P;TAB(16);R;TAB(28);A 
185 PRINT: PRINT"J H W PPM" 
186 PRINT:PRINTJ;TAB(8);H;TAB(16);W;TAB(26);P 
190 PRINT#3,C,P,R,A 
199 RETURN 
500 PRINT#3," ":PRINT#3," ":RETURN 
900 PRINTI,G(I):PRINT#3,I,G(I): RETURN 
1000 REN GAINS 
1001 G(l)=1 
1002 G(3)=G(l)*3.31 
1003 G(10)=G(3)*3.33 
1004 G(30)=G(10)*2.91 
1005 G(l00)=G(30)*3.3 
1009 RETURN 
AREA":PRINT 
2000 REM READ DATA FILE 
2010 OPEN2,8,14,"0:"+F$+",S,R" 
2020 RETURN 
2030 INPUT#2,J,H,W,P 
2035 IFJ=-1 THEN 9999 
2040 RETURN 
9999 END 
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Results were obtained for the variation in response with mass of 
benzaldehyde injected into an eluent of toluene. These results were 
obtained using the Mini BIF without a filter and verified the initial 
values found for quenching-mode BIF (Figure 4.3 and 4.6). Full tables 
of responses incorporating gain calibration and integrated anode 
current measurement were computed, Figures 4.7 (a) and (b) along with 
4.8 (a) and (b) depict these results graphically. In procedure (a) 
the factors obtained.for relative gain settings were purely due to 
electronic characteristics; such factors were, therefore, not precisely 
analogous to the "real" signals obtained in (b) when the system operated 
in the "working mode". Furthermore, factors obtained via procedure (c) 
were further complicated due to the variations and errors associated 
with "real" samples. Such variants include column and detector over-
load with the consequent alteration in the chromatography, conditions which 
lead to peak distortion and broadening with variations in peak height. 
For these reasons the gain factors determined using procedure (b) were 
adopted. In this work (as already stated in Section 3.6) small, compar-
able masses of analytes were used wherever possible and a high degree 
of linearity of detection was achieved. It may be seen from Figures 4.7 
(a) and 4.8 (a) that peak area versus mass gives a linear relationship 
up to> 20\lg at which point it was assumed that loss of signal occurred 
due to column overload. In contrast Figures 4.7 (b) and 4.8 (b) show a 
curve when peak height is plotted against mass, the consequence of this 
is a much smaller linear working range. As facilities for peak inte-
gration were not available during this project and also our prime con-
cern was sensitivity our analyses were carried out in the mass range 
up to lug. Working in this range permitted peak height evaluation, as 
the chromatographic resolution approached 1.5 and the peak width unity. 
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4.5 Enhancement of QBIF Sensitivity 
Toluene, or a related aromatic solvent, has formed an essential part 
of the eluent systems used in most of our work11 ' 12 ' 34 in both 'normal 
mode and QBIF mode for two reasons. Firstly, it has appropriate rate 
constant parameters to enable energy to be captured from energetic 
electrons and transferred to other molecules in solution. Secondly, 
it can be used as a polar modifier for eluents based on saturated 
hydrocarbons (such as hexane) to provide an excellent range of con-
trol over the elution of compounds from normal phase chromatography 
columns. It has been shown above that the quenching of fluorescence 
from excited toluene molecules may be used for the detection of 
quenching species in the eluent, although for this particular purpose 
the rate parameters of toluene are not ideal. It may be seen from 
Equations 4.3 and 4.6 that there are two respects in which the 
response of a QBIF detector is limited by the choice of toluene as 
the species whose fluorescence is quenched. Firstly the quantum 
yield of tolu.ene , 1M*, (i.e. k3/(k 3+k4+ks) "'0.09) is poor in com-
parison with highly fluorescent species, and, secondly, the lifetime· 
of toluene, 1M*, ((k3+k4+ks)-1 "' 25 ns) 30 - which is essentially the 
time available for quenching collisions to occur - is much shorter 
than is desirable. For these reasons the doping of hexane/toluene 
eluents with a number of fluorescent dopants having higher quantum 
yields and longer lifetimes than toluene have been examined, and their 
potential as enhancers of the sensitivity with which quenchers may be 
detected evaluated. 
The rate of photon emission from an eluent doped with a fluorescent 
compound, S, was derived in 1.5a (vii) and is (Pm + Ps) 
where 
. 
Pm = (k30 [M] + l)(k3+k4+ks+k1s[Q]+k17[S]) 1.16 
and 
k18 (k1 7+k3 2 [M])k 0 [M] [S] 
Ps = (kao[M] + 1)(k3+k4+ks+kls[Q]+kl7[S])(kla+kl9[Q]+k2o+k21) 1"17 
The rate of photon detection may be written 
dsPs + dmPm 
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where ds and dm are the efficiencies with which the dopant and eluent 
(i.e. toluene) emissions are detected respectively. For a typical 
photomultiplier system ds will be ~ 25% and dm may be made small 
(e.g. <10- 4) by suitable optical filtration. Thus it is possible 
to monitor the dopant fluorescence (Ps) for quenching by quenchers 
eluting in the doped eluent. The response of a QBIF detector operating 
in this manner may be written 
4.10 
(where the symbolism Ps(Q) indicates the dopant emission rate in the 
presence of the quencher at concentration [Q]). 
Equations 1.17 and 4.10 may be combined to yield 
. • l(k1 5 (k1a+k2 o+k21 )+k19 (k3+k4 +k5+k1 7[S J)) [Q)+k1 5k19 [Q)2 
Rd(Q) = -dsPs(O) (k 3+k4+k 5+k 1 ~[Q)+k 17 [S))(k18+k19 [Q)+k20+k21 ) 
4.11 
In practical chromatography the detector flow cell concentrations of 
eluted samples are likely to be small, i.e. [Q) <10-4 M, so that 
k15k19 [Q) 2 may be neglected by comparison with the coefficient of 
[Q) in the numerator of Equation 4.11. 
Similarly, k15 [Q)<<(k3+k4+k 5+k17[S)) and k19 [Q)<<(k18+k 20+k21 ), so 
that we may approximate the response at small [Q) values by: 
Rd(Q) = -dsPs(O) 5 18 20 21 19 3 4 5 11 • lk1 (k +k +k )+k (k +k +k +k [S)) 
(k3+k4 +k5+k1 7 [S ))(k1a+k2 o+k21) 
4.12 
which may also be written 
Rd(Q) = -dsPs(O) [k15Tm(S) + k19's) [Q) 4.13 
where 's = (k1s+k2o+k21)-1 = natural lifetime of 1S* 
[Q) 
and Tm(S) = (k 3+k4+k5+k 17[S])- 1= effective lifetime of 1M* in the 
presence of [S]. 
Consequently the response is improved by the presence of S if 
k19Ts>k 15 Tm(O). · 
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These equations indicate that the response of a QBIF detector opera-
ting with dopant quenching should be a linear function of the con-
centration of quencher, [Q], for small values of [Q], although it is 
ex·pected that this linear relationship will break down at [Q] values 
which are large enough to cause the inequalities given above to fail. 
In practice one would probably choose a dopant with a relatively 
large Ts i.e. Ts > Tm, so that the k19 [Q] will become comparable with 
Ts-1at lower values of [Q] than those for which k15 [Q] becomes com-
parable with Tm(S}- 1 , and the linearity of response is expected to 
fail at lower [Q] values than is the case when toluene fluorescence 
quenching is monitored (see Section 4.3 ). 
A comparison of Equation 4.13 with 4.9 suggests that the response 
obtained using dopant quenching may easily be made larger than that 
obtainable using toluene fluorescence quenching. Not surprisingly 
the response was found to be more pronounced as the "background" 
fluorescence from the eluting solvent increased, we therefore looked 
for any possible advantages to be gained when eluents were doped with 
fluorescent materials which did not adversely affect the chromato-
graphic separation. Firstly, the dopant had to be chosen to have a 
relatively large value of Ts when compared with Tm in Equation 4.9. 
For example 30 naphthalene Ts~ 90 ns and pyrene Ts~·300 ns are both 
significantly longer lived than toluene (Tm ~ 25 ns}. Secondly, 
the dopant chosen should have a high fluorescent yield, so that 
Ps(O) may be made very large compared with the maximum achievable 
value of Pm. As Ps(O) is (approximately) proportional to the concen-
tration of the.dopant, [S], a practical upper limit, likely to be 
determined by either the solubility of the dopant in the eluent, or 
by undersirable characteristics which could appear at high dopant 
concentrations - such as self-quenching or interference with the 
chromatographic separation was anticipated. Finally, it would be 
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desirable to choose dopants with large values of k19 (see Equation 4.13) 
although in practice this approach is limited by the lack of available 
data as k19 is the rate constant for energy transfer from dopant to 
quenching sample species. 
While there are numerous other advantages to the use of dopant fluor-
escent quenching, two in particular should be noted. Firstly, as the 
dopant will generally be a larger molecule than a single aromatic 
ring solvent, its fluorescence is~ likely 30 to be at longer wavelengths 
than that of toluene - so that its emissions should be detected with a 
greater efficiency, i.e. ds>dm. Secondly, the use of a dopant allows 
greater flexibility in the variation of the eluent composition (after 
all, the toluene is also serving as a polar modifier of the eluent). 
The signal-to-noise ratio associated with a dopant QBIF peak may be 
derived from Equation 4.13 by analogy with the procedure used pre-
viously: 
4.14 
Similarly, the limit of detection becomes 
4.15 
Comparison of Equation 4.14 with Equation 4.7 allows the ratio 
to be determined under conditions of equal background photon detec-
. 
tion rates, i.e. dmPm = dsPs(O), and equal sample sizes. This ratio 
is 
= 4.16 
and provides an indication of the improvement in sensitivity achieved 
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by the use of the longer lived dopant species. Assuming 1m(S)~1m(O) = 
30 ns for toluene and 1s~ 300 ns for pyrene, and that k15 is 5.7 x 1010 
dm3 mol-1s- 1 (for M = toluene Q = oxygen) and k19~ 1010 dm 3 mol- 1s-1 
for the dopant (this value applies strictly only to anthracene being 
quenched by oxygen). Equation 4.13 leads to the prediction that, under 
conditinns of equal background BIF signals, the use of pyrene dopant 
(and monitoring the pyrene fluorescence) should lead to an improvement 
in sensitivity by a factor of~ 2.7, compared with signals from toluene 
based systems in which the toluene fluorescence is monitored. 
4.6 Enhancement of QBIF Sensitivity-Experimental Verification 
Early in this work a variety of compounds considered to be possible 
quenchers were chromatographed and their quenching effect noted, see 
Tables 4.5(a) and 4.5(b); Electrophilic elements or groups attached 
to aromatic molecules are known to reduce fluorescence, therefore 
compounds containing halogens, nitro groups, aldehydic and ketonic 
groups were tested. From these compounds 4-nitrotoluene and benzal-
dehyde were chosen as standard quencher compounds. Using a solution 
of lOOppm of 4-nitrotoluene in hexane, 20~1 injections were made into 
various eluents. After passing through a 20cm 10~mLichrosorb column 
the eluting 4-nitrotoluene produced a negative peak i.e. quenched the 
signal emanating from the following eluent. 
Table 4.6 lists background emission and signal/square root of the 
background figures for 2~g of 4-nitrotoluene for a number of different 
solvent systems. 
It will be seen that the toluene/hexane systems gave the best S/(:B 
consistent with results noted previously in Chapter 3. However as 
predicted, higher responses resulting from the use of longer-lived 
dopants functioning as fluorescence enhancers were also observed. 
The absorption and emission spectra of toluene, naphthalene and pyrene 
presented .in Figures 4.9 a and b, 4.10 and 4.11 a, band c along with 
their fluorescence life-times help us to see the basic processes in-
volved when the last two compounds are used as "energy traps". For 
example, the toluene/pyrene system 
Table 4.5 (a) 
Compounds Tested as Possible Quenchers 
10% Toluene 90% Hexane Lichrosorb S/60 Filter 0.25 
Compound Quantity Gain Range Bkgd 
1-nitropropane 20llg 3 64 47 
chlorobenzene appears to come out with the solvent 
1-bromopropane 11 11 11 
ethylmethyl 
ketone not eluted 
thiophen 11 11 
4-nitrotoluene 20\lg 10 64 80 
20\lg 10 64 80 
20llg 10 64 80 
20llg 10 64 80 
Flow 
Rate 
ml--niiii"- 1 
0. 75 
11 
1.20 
1.20 
1.20 
1.18 
Chart 
Speed 
Dun min-1 
5 
11 
5 
5 
5 
5 
Pk 
ht 
/miD 
21 
11 
78 
72 
70.5 
62 
Width 
at 0.6 
pk ht 
6 
2 
2 
1.5 
2 
Area 
Response 
126 
156 
144 
106 
124 
1128 14.1 
312 6.24 
378 7.56 
378 7.56 
378 7.43 
Table 4.S (b) 
Aldehides - Quenching Pro2erties 
100% Toluene Lichrosorb S/60 
Com2ound Quantiti Gain Range Bkgd Noise Flow 
Pk ht Width Area/ Rt/s ~ /mm /mm mm2 ml min- 1 
Zero-off 1 16 SO% 
4-ni trotoluene· not sufficiently separated from solvent front 
anisaldehyde 20]lg 1 16 2 1.0 36 4 144 720 
12.0 
" . 20ug 1 16 2 2.0 4S 
2.S 113 378 12.6 
" 20ug 3 16 10 2.0 147 
2 294 426 14.2 
Zero off 1 16 62% 
benzaldehyde 20ug 1 16 2 2.0 31 1 31 
132 4.4 
" 2(\.lg 1 16 2.0 29 1 29 132 
4.4 
cinnamaldehyde appeared to stick·to column 
benzaldehyde 1Q.ig 10 16 13 1.0 so 1 so 2S8 4.3 
anisaldehyde 1(\.lg 41 3 123 810 13.S 
benzaldehyde 10ug 3 16 10 2.0 43 1 43 
120 . 4.0 
anisaldehyde 10ug 4S 1 4S 
372 12.4 
filter = S Chart Speed Smm min- 1 
/ 
................... --------------------------------------
Table 4.6 
Eluents Tested for use in QBIF 
Lichrosorb S/60 column filter 5 Chart Speed 5mm min-1 Gl R256 4-nitrotoluene 
Eluent Composition Background s k' 
10% toluene 90% cyclohexane 0.60 0.77 0.13 0.17 0.17 5.13 
10% toluene 90% hexane 2.0 1.41 0.17 0.12 0.12 4.14 
1% naphthalene in hexane 18.5 4;3 1.36 0.32 0.32 7.80 
1% naphthalene in cyclohexane 19.0 4.4 chromatographic difficulties 
1% naphthalene 10% toluene 
90% cyclohexane 25.0 5.0 1.30 0.26 0.26 5.24 
1% naphthalene 5% toluene 
95% hexane 18.0 4.2 1.80 0.43 0.43 7.58 
1% naphthalene 10% toluene 
90% hexane 23.0 4.8 2.68 0.56 0.56 3.13 
1% naphthalene 15% toluene 
85% hexane 15.0 3.9 2.40 0.62 0.62 3.82 
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Figure 4.9 (a) Absorption (broken line) and Emission (solid line) 
Spectra of 0.3% Toluene in Cyclohexane. 
Figure 4.9 (b) Emission Spectrum of Pure Toluene. 
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Figure 4.10 Absorption (broken line) and Emission (solid line) Spectra of 
Naphthalene in Cyclohexane 0.94g/1. 
Figure 4.11 (a) Absorption (broken line) and Emission (solid line) Spectra 
of Pyrene in Cyclohexane O.Olg/1. 
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Figure 4.11 (b) Emission Spectrum 
of Pyrene in Cyc1ohexane 0.01 g/1. 
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Figure 4.11 (c) Emission 
Spectrum of Pyrene in 
Cyclohexane 1.0 g/1. 
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The results presented in Table 4.7 show the effect of the concentration 
of naphthalene and pyrene in 10% toluene/90% hexane eluents on the S/IB 
for 2~g of 4-nitrotoluene. 
Figure 4.12 shows the recorded signals obtained from 1~g samples of 
benzaldehyde eluted in 10% toluene/90% hexane. In the left hand trace 
the total emission was monitored (i.e. mostly toluene fluorescence). 
For the right hand trace 0.001% (w/v) pyrene was used as a dopant for 
the eluent, its emission being monitored via a 390 nm optical cut-off 
filter. The detected eluent backgrounds were approximately the same 
and the noise levels in both chromatograms were approximately the same 
(the high noise level was obtained by deliberately selecting a small 
value for the detector's integration time constant). The experimental 
ratio of the recorded peak height in the doped eluent to that in the 
undoped eluent was 2.5 ± 0.2, in good agreement with the theoretical 
prediction derived from Equation 4.16, which was based on the assumed 
values of k, 5 and k19 • That k15 is considerably larger than k19 in 
the case of benzaldehyde quenching may be seen by comparing the overlap 
of the benzaldehyde absorption spectrum (Figure 4.13) and the toluene 
emission spectrum (Figure 4.9) with that between the benzaldehyde 
absorption and the pyrene emission spectrum 4.11 (b). Clearly, the 
overlap between benzaldehyde and toluene is considerably greater than 
that between benzaldehyde and pyrene. Increasing the concentration 
of pyrene actually results in a decrease in S/N (Table 4.7) and this 
can be understood from the emission spectrum of pyrene at higher con-
centration (Figure 4.11 (c)) where the emission has moved to longer 
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Table 4.7 
Effect of Varying Dopant·Concentration 
Lichrosorb S/60 Column. Conditions as Table 4.6 
Eluent Composition Background IB 
10% toluene 90% hexane 
1% naphthalene 17.5 4.18 2.70 
0.1% naphthalene 11.6 3.4 1.43 
0.1 naphthalene 11.0 3.3 
1.35 
0.1% naphthalene 80.0 8.9 4.90 
0.01% naphthalene 74.0 8.6 5.73 
0.01% naphthalene 74.0 8.6 5.20 
Pyrene 
0.1% 92.0 9.6 
2.23 
0.01% . 76.0 8.7 
18.6 
0.001% 33.0 5.7 
17.0 
0.0001% 11.0 3.31 
5.5 
No Dopant 
10% toluene 90% hexane 64.0 8.0 4.7 
64.0 8.0 4.0 
64.0 8.0 4.6 
0.60 
0.42 
0.41 
0.55 
0.67 
0.60 
0.24 
2.10 
2.90 
1.66 
0.59 
0.50 
0.58 
Prototype 
Sj~n . 
....:..LI>- 390nm 2llS Filter 
0.60 I 
0.42 I 
0.41 I 
0.55 No 
0.67 No 
0.60 No 
0.24 No 
2.10 No 
2.90 No 
1.66 No 
0.59 No 
0.50 No 
0.58 No 
toluene pyrene 
• • 
emiSSIOn 
• • 
emiSSIOn 
I 
solvent peak 
benzaldehyde/ 
peak 
Figure 4.12 Response of QBIF Detector to· 1 ug Samples of 
Benzaldehyde Eluted from 15 cm Lichrosorb Column. 
Left hand trace was obtained using deoxygenated toluene as 
the eluent. For right hand trace the eluent also contained 
0.001% pyrene. The noise levels were enhanced by the selec-
tion of a short (0.2 s) time constant for the photon detec-
tion system. 
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Figure 4.13 Absorption Spectra of Benzaldehyde in 
Hexane (solid line) and Ethanol (broken line) 45 • 
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wavelengths and so reduced the overlap with the benzaldehyde spectrum 
and consequently the value of k19 • 
These initial results, obtained using the prototype system, were sub-
sequently more rigorously investigated using the MiniBIF after its 
calibration as described at the end of Section 4.4. Equation 4.14 
indicates that the signal-to-noise ratio for a given chromatographic 
system is proportional to the square root of the detected background 
(i.e. eluent alone) BIF signal. Figure 4.14 shows the experimentally 
determined signal-to-noise ratios for lug samples of benzaldehyde 
detected in 10- 3% pyrene~doped hexane/toluene eluent as a function 
of the background signal (varied by changing ds)• The broken line 
shows the variation predicted by Equation ·.4.14. and clearly the 
agreement with the experimental results is good. Presented in Table 
4.8 are results obtained as the pyrene concentration increased from 
zero to 0.01% w/v and collective graphical representation can be found 
in Figures 4.15 a, b and c. Again these results follow the prediction 
of Equation 4.14 that the S/N ratio will be proportional to the la 
emission. 
4.7 Conclusion 
The results presented in this Chapter show that the principle of 
quenched beta induced fluorescence may be used for the detection of 
quencher compounds eluting from a liquid chromatograph. The linear-
ity of response is good up to relatively high sample loadings <~ lOug). 
The sensitivity of the QBIF technique may be enhanced by the addition 
to the eluent of a low concentration of a dopant species having a 
long fluorescence lifetime, e.g. pyrene although it is likely that 
dopants could be selected to have larger values of k19 for quenching 
by specified analytes. 
that the QBIF principle 
These results have, therefore, demonstrated 
is a useful extension to the basic beta 
induced fluorescence detection method, greatly increasing the range 
of materials which may be monitored by this type of detector. 
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Figure 4.14 Comparison of the Experimentally Observed Variation of the QBIF Signal-to-noise Ratio 
(for 1 IJg Samples of Benzaldehyde Eluted in a Pyrene Doped Eluent) with the Background (i.e. Eluent 
Emission) Level, and the Theoretical Prediction Derived from Equation (4.14). 
Table 4.8 
Results Obtained for Injection of 3ug Benzaldehyde 
Eluent Background/v Peak ht rnV R N IB s,IB 
Toluene 9.5v 0.9 3 0.1 3.08 0.29 
8.35 0.67 3 0.08 2.89 0.23 
6.0 0.45 3 0.04 2.45 0.18 
3.95 0.28 3 0.03 1.99 0.14 
2.0 0.13 3 0.01 1.41 0.09 
1.95 0.475 10 0.04 1.4 0.11 
1.0 0.68 30 0.06 1.0 0.08 
0.465 0.35 30 0.03 0.68 0.06 
0.01% Pyrene 9.5 1.65 3 0.05 3.08 0.536 
in Toluene 7.6 1.08 3 0.04 2.76 0.39 
5.45 0.72 3 0.03 2.33 0.31 
2.5 1.07 10 0.03 1.58 0.23 
1.0 1.28 30 0.04 1.00 0.14 
0.001% Pyrene 5.3 0.96 3 0.05 2.3 0.42 
in Toluene 4.0 0.73 3 0.06 2.0 0.37 
3.0 0.57 3 0.05 1. 73 0.33 . 
2.05 4.25 30 0.15 1.43 0.33 
1.0 1. 78 30 0.15 1.00 0.20 
0·3 
0·2 
S; 
;;s 
0·1 . Figure 4.15 (a) s l,tp, vs Bkg/V Toluene Eluent 
Injection lOul 300ppm Benzaldehyde in Hexane. 
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Figure 4.15 (b) s l,tp, vs Bkg/V 0.01% Pyrene in Toluene Injection 
10~1 300ppm Benzaldehyde. 
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Figure 4.15 (c) s//B VS Bkg/V 0.001% Pyrene in Toluene 
lOul 300ppm Benzaldehyde. 

CHAPTER 5 
Application of the Beta Induced 
Fluorescence Detector to an Environmental Problem 
The Detection of Polycyclic Aromatic 
Hydrocarbons (PAH's) in Waters of Differing Quality 
General Aim 
79 
To demonstrate the application of BIF to low-level detection of 
PAH's in water samples. 
Specific Aim 
To develop an analytical procedure which, when used in conjunction 
with BIF, would provide a semi-quantitative and, ultimately, a 
fully quantitative method for PAH determination in water at the 
parts per billion (ng 1-1 ) level. 
Specific Objectives were therefore:-
(1) The development of chromatographic conditions for fluoranthene 
(WHO-listed as non-carcinogenic polycyclic aromatic hydro-
carbon found in environmental water samples). 
(2) The development of a concentration technique having high 
reproducibility. 
(3) Development of multicomponent mixture chromatograms (non-
carcinogenic compounds). 
(4) Determination of, and improvement of, recoveries from spiked 
samples. 
(5) Application of the method to real samples. 
In this Chapter the results are presented in strictly chronological 
order each stage following on as a consequence of the conclusions 
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drawn from the previous experiment. Experiments are described and 
the results discussed; the conclusions then lead on to the next stage 
in the development of the analytical procedure. 
5.1 Introduction 
Until the beginning of this century there existed a natural balance 
between the production and natural degradation of polycyclic aromatic 
hydrocarbons (PAH's) which kept the background concentration low and 
fixed 46 , 
However, with increasing industrial development throughout the World 
the natural balance has been disturbed and the production and accumu-
lation rates of PAH's are constantly rising. During the last few 
decades of rapid industrial growth it has become necessary to develop 
analytical techniques capable of critically evaluating this large 
class of chemical carcinogens. 
The known health hazards47 ' 48 associated with the emission of poly-
cyclic aromatic hydrocarbons into the environment have led to further 
structural identification and more accurate and precise quantitative 
measurement of these substances. Modern chemical instrumentation has 
already made a significant impact following the proposals48 • 49 that 
there should be monitoring of environmental samples for such compounds. 
High performance liquid chromatography (h.p.l.c.) offers many advan-
tages for the separation and detection of PAH's 50- 61 • 
This Chapter describes the development of an analytical method using 
h.p.l.c. with beta induced fluorescence detection for low level (ng 1-1 ) 
determination of PAH's in a variety of water samples. 
5.2 PAH's and their Occurrence in the Environment 
The polycyclic aromatic hydrocarbons considered in this work are from 
a family of 3-5 ringed aromatic compounds whose structures are shown 
in Figure 5.1. 
Proposed primary sources of PAH's include combustion of liquid fossil 
Figure 5.1 
Structures of PAR's Considered in this Work 
00 naphthalene 
anthracene 
fluoranthene 
phenanthrene 
pyrene 
fuels 62 ,, combustion of coal 63 and the water draining off road 
surfaces 64 , Natural sources include forest and prairie fires 65 
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and also volcanoes64 ' 66 , the latter contributing 12-14 tons of 
benzo[a]pyrene to the atmosphere every year. Other sources of more 
localised significance include oils, domestic (sewage) and indust-
rial waste waters, creosote and tars. PAH's from biosynthetic path-
ways have also been proposed but remain inconclusively·demonstrated 49 • 
The mechanism by which PAH's arise during incomplete combustion of 
organic materials is not completely understood. However, it is 
believed that two distinct reaction steps are involved, pyrolysis 
and pyrosynthesis. At high temperatures organic compounds are 
partially cracked to smaller, unstable molecules (pyrolysis). These 
fragments, mostly radicals, recombine to yield larger, relatively -
stable aromatic hydrocarbons (pyrosynthesis). In 1958 Badger pro-
posed the following stepwise synthesis of benzo[a]pyrene in which 
acetylene, 1,3-butadiene and styrene are present at intermediates: 
Ill 
Once formed, these simple PAH's could undergo further pyrosynthetic 
reactions to produce even larger molecules. 
5.3 Aquatic Environmental Distribution and Typical Levels 
Polycyclic aromatic hydrocarbons appear in a number of areas including 
air, sediments, soils and waters. 
Air pollution by PAH's has been extensively studied, whilst the water 
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environment has received much less attention, although several 
reviews of the occurrence of PAH's in water have been published 67- 70 • 
PAH distribution is dependent upon the.point source, examples of 
which are oil drilling areas, tankers containing either crude or 
refined oils, run-off of rain-water which leaches the compounds 
from soil, roadways, slag dumps and coal storage piles. Ground-
water that remains uncontaminated by human activities has a concen-
tration range of 1-100 ng 1-1 of carcinogenic PAH, while uncontami-
nated freshwater lakes have, on average, a 10 times higher concen-
tration of 10-25 ng 1- 1 67 ' 69 • The groundwater PAH's result from 
leaching processes occurring as water flows over and through upper 
soil layers while lake waters contain the compounds found in sedi-
ments. In comparison, ·contaminated river water has been found to 
contain 50-1000 ng 1-1 of polycyclic aromatic compounds, the corres-
ponding benzo[a]pyrene concentration being 1-50 ng 1-1 67 • 69 • 71 
As the low polarity and high molecular weights of these compounds 
make them rather insoluble it must be assumed that a large propor-
tion of the polycyclic aromatic compound-content of polluted water 
is adsorbed onto suspended solids. For example, it has been found 
that the mo,e water-soluble PAH'.s, the naphthalenes, are found in 
water, whereas those of intermediate solubility occur in both water 
and sediment. Further, those PAH's having molecular weights in 
excess of 200, and hence low solubilities, are only to be found in 
sediment. 
5.4 Normal Methods of Analysis 
A bibliography of over 1000 references on the occurrence and analysis 
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of polycyclic aromatic compounds has recently been prepared and the 
proceedings of the first four International Symposia on Polynuclear 
Aromatic Hydrocarbons have been published. The World Health Organisa-
tion has recommended that the total concentration of six PAH's -
fluoranthene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene 
benzo[ghi]perylene and indeno[1,2,3-cd]pyrene - do not exceed 200 ng 1-1 
in domestic water supplies. In Germany the legal maximum limit is 
250 ng carbon 1-1 of drinking water. 
Any analytical method designed to monitor these compounds at such 
levels must incorporate a concentration step in order to achieve 
sufficient quantities for detection. Several methods have been tried, 
two examples being liquid-liquid extraction and adsorption-trapping 
onto solid matrices and we investigated the use of both of these. 
5.5 Chromatographic Separations of Polycyclic Aromatic Hydrocarbons 
5.5 (i) Column Choice 
Analytical separations of PAH's have been carried out on both adsor-
bents and chemically-bonded stationary phases. Column choice in the 
chromatography of PAH's is largely determined by the properties of 
the mobile phases and the solubilities of the analytes. The levels of 
PAH's in environmental samples allows for a wide choice of chromato-
graphic conditions as, at such levels, adequate solubility in both 
moderately polar and non-polar solvents is possible. These considera-
tions apply for up to six and seven ring systems. However, the solu-
bilities of high-molecular weight PAH's are decreased in conventional 
solvents and chromatographic conditions for such compounds have yet 
to be devised. 
Alumina and silica particles have been widely used as column packing 
materials for PAH's and their recent availability in both pellicular 
and microparticulate forms makes them even more suitable. Selective 
adsorption processes are possible using hydrocarbon mobile phases. 
In general, the retention of aromatic hydrocarbons increases with 
molecular weight and the number of aromatic rings. Snyder 73 has 
related retention volume to the adsorption energy S0 of the PAH which, 
in turn, relates to the structure of the compound. 
5.5 (ii) Mobile Phase 
From Chapter 3 it will be obvious that the choice of mobile phase was 
made for spectroscopic reasons, therefore in choosing a total system 
certain limitations were placed upon the chromatography. Chromatograms 
were developed for a three-component standard mixture containing anthra-
cene, fluoranthene and perylene using the eluent giving the best energy-
transfer efficiency, which was a 10% toluene-90% hexane mixture. These 
analytes were found to elute from a10~mPorasil column, 
with suitable retention volumes under such conditions. 
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20 cm in length, 
Figures 
5.2 i - 5.2 v show typical chromatograms obtained as the separation 
was developed. 
5.6 Development of Concentration Stage 
A number of techniques was tried involving evaporation to dryness 
of a solution of fluoranthene in hexane, then recovery of the resi-
due in a smaller volume of another solvent. 
Dry nitrogen gas was bubbled through a solution to reduce the volume 
of solvent and so concentrate the solution. Typically, 1000 ul of 
a 0.1 ppm solution of fluoranthene (: 100 ng) was evaporated to dry-
ness then the residue re-dissolved in 200 Ul of another solvent. 
Thus a five-fold concentration step was obtained; 20 ul of this solu-
tion (: 10 ng of fluoranthene) were then injected onto the top of 
the chromatographic column. Using peak height measurements percen-
tage recoveries were calculated for different solvents. Table 5.1 
presents such a set of results. 
The low recoveries , which probably resulted from splashing of sample 
during evaporation,were regarded as unacceptable. Subsequently, a 
method using a vacuum pump and glass centrifuge tubes was tried. The 
use of a 3-way tap between the tube and the pump allowed the evapora-
tion to proceed at a steadier, more controlled rate. Addition of the 
200 ul of recovery solvent to the centrifuge tube was followed by a 
30 second duration mix using a vortex mixer. Table 5.2 shows the 
improvement in percentage recovery. The next stage was to apply the 
evaporation method to a solution containing all three components of 
the standard mixture. 
Table 5.3 lists the results obtained. The percentage recovery of 
fluoranthene from the mixture correlates well with that obtained for 
fluoranthene alone. 
The differences in the percentages recovered for individual components 
Rv 30·9ml Rv28·2 ml 
(iii) (ii) ( i ) 
10ng perylene 20ng fluoranthene 20ng anthracene 
Eluent .: 10% toluene 90% hexane G3 R16 f0·2 iii Flow rate 0·88ml.min-•. 
iii 
Standard solution 
7ng of each component 
ii 
\v) 
G10 R16 f0·2 
ii 
10,ul of residue 
_ 25 ng of each 
component 
(iv) 
Figure 5.2 Development of Multicomponent Chromatogram. 
Mixture of Three Polycyclic Aromatic Hydrocarbons Giving 
Baseline Resolution and Acceptable Detection Limits under 
a given set of Chromatographic Conditions 
Table 5.1 
Effect of Solvent on Analyte Recovery 
Method 
1000 JJ]. 0.1 ppm evaporate 'dryness -""'20"'0"-11"-1"-+-20 Ill injn 
fluoranthene solvent :: 10 ng 
solvents (1) hexane 
(2) n-dodecane 
(3) toluene 
Instrumental Parameters 
Column 
Eluent 
Flow rate 
10 ].JPorasil 
10% toluene 90% hexane 
0. 7 ml min- 1 
Background G1 R16 fS 13% 
Factor for f1uoranthene = 3.33mm ng -l 
on G3 Rl6 fS. 
Results 
(1) · hexane 
(2) n-dodecane 
(3) toluene 
Conclusions 
= 
= 
= 
34% recovery. 
43% recovery. 
49% recovery. 
Figures are too low to be acceptable therefore require another method. 
* Better figure for toluene may be due to a localised environmental 
enrichment with energy transfer agent. 
* For further discussion on this point and ideas for further 
sensitivity enhancement see Appendix II. 
Table 5.2 
Attem~ts to Improve Evaporation Stage of 
Fluoranthene Solution Concentration 
Method:- Use of vacuum pump in conjunction with glass centrifuge tubes. 
Instrumental Parameters:-
10 1.1 Porasil Column 
Eluent 10% toluene 90% hexane 
Flow rate 0.87 ml min- 1 
Background Gl R16 f5 = 13% meter 
16% chart. 
13mm therefore + 13 - 0.5 ngm •. 
2 
Noise 
Results:- Standard solution of 0.1 ppm fluoranthene .in hexane. GlO R16 f0.2 
No Inj vol Cone mm mm ng- 1 
1 20 ul 0.1 ppm 24.0 12 .o 
2 20 Ill 0.1 ppm 24.0 12.0 
3 20 ul 0.1 ppm 24.0 12.0 
4 20 Ill 0.1 ppm 23.5 11.8 
5 20 ul 0.1 ppm 23.5 11.8 
6 20 ul 0.1 ppm 23.5 11.8 
RSD = 1.2% 
A. 1000 Ill evaporate, dryness 200 Ill 20 ul injn 
-
100 ng hexane :: 10 ng 
No Inj vbl mm. 
.!!.& % 
1 20 Ill 93 7.82 78.2 
2 20 Ill 93 7.82 78.2 
3 20 Ill 100 8.40 84.0 
4 20 Ill 102 8.57 85.7 
5 20 Ill 102 8.57 85.7 
RSD = 4.7% 
B. 500 Ill evaporate, dryness 100 Ill, 10 Ill inj 
-
50 ngm hexane 
-
5 ngm 
No Inj vol mm ngm % 
1 10 ul 47 3.95 79.0 
2 10 Ill 50 4.20 84.0 
3 10 Ill 53 4.45 89.0 
4 10 Ill 53 4.45 89.0 
5 10 Ill 53 4.45 89.0 
RSD = 5.2% 
Table 5.2 continued 
Errors 
Noise would contribute an error of 
+ 5% in method A 
+ 10% in method B 
Errors will also be produced by the use of small quantities 
of standards. Errors would be smallest where the concen-
trations of standards are matched to the concentrations of 
the analytes. 
Table 5.3 
Percentage Recoveries for a Three Component Mixture 
Method:-
500 ul of 1 ppm 
-
500 ng anthracene 
500 ul of 1 ppm 
-
500 ng fluoranthene 
500 ul of 1 pp m - 500 ng perylene 
evaporate, dryness 200 pl, 10 ul ·injn. 
hexane : 25 ng of each component. 
Instrumental Parameters 
Column:- 10 u Porasil (Waters) 
Eluent 10% toluene 90% hexane 
Flow rate 0.7 ml min-1 
Background G1 Rl6 f5 = 13%. 
Results:- Standard solution of 1 ppm of anthracene, fluoranthene 
and perylene in hexane. G3 R10 f0.2 
20 ul injection 20 ng of each component. 
No Anthracene Fluoranthene Per:z~lene 
mm mm ng-1 mm mm ng:1 mm mm ng-1 
1 69 3.45 76 3.80 121 6.05 
2 68 3.40 77 3.85 119 5.95 
average 3.425 3.825 6.00 
No Anthracene Fluoranthene Perylene 
mm 
.!!.8. % mm .!!.8. % mm .!!.8. % 
1 64 18.7 74.7 78 20.4 81.6 103 17.2 68.7 
2 60 17.5 70.1 85 22.2 88.9 134 22.3 89.3 
3 74 21.6 86.4 88 23.0 92.0 170 28.3 113.3 
4 62 18.1 72.4 77 20.1 80.5 155 25.8 . 103.3 
5 73 21.3 85.3 99 25.9 103.5 141 23.5 94.0 
- 77.78 - 89.30 93.72 X X X 
RSD 9.7% RSD 10.4% RSD 17.7% 
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may well be a reflection of the degree of polarity of each molecule 
and hence its solubility in hexane. Further improvements to the 
concentration stage were made as the project developed and will be 
discussed later in this Chapter. 
Standard Addition 
Using 'the evaporation technique described in the previous section 
and ·h.p.l.c. grade methanol as a recovery solvent, solutions of PAR's 
suitable for spiking water were prepared. (Stage I) Methanol was 
chosen because of its miscibility with water which was considered to 
be a possible aid to homogenous distribution. 
Concentration of the methanolic solution (2.5 ng ~1- 1 ) showed >90% 
recover'y of the three components using this solvent. 
The first method adopted was the addition of a methanolic spike to 
21 of water contained in a pre-treated Winchester. This volume of 
spiked water was then solvent-extracted with 10 cm 3 of hexane. The 
21 of solvent/water mixture were then run into 2 x 11 graduated 
flasks, this allowed the hexane layer to collect in the neck of the 
graduated flask making sampling of the organic extract easier. A 
second evaporation step was used to concentrate a sample for chromato-
graphic separation (Stage II); the second solvent was hexane. 
Results:- The first experiment used 500 ~1 of a 10 ppm solution of 
anthracene, fluoranthene and perylene <= 5000 ng of each component in 
hexane). After concentration the residue was re-dissolved in 500 ~1 
of methanol and a cloudy solution was obtained (concentration 10 ng/~1). 
The low final result, particularly for perylene, may be indicative of 
loss of perylene by precipitation from methanolic solution. In an 
attempt to overcome this, the concentration of the methanolic spike 
was reduced to 2 ng ~1-1 comparable to the original solution which had 
shown >90% recovery for the three components. However, as can be seen 
from Table 5.4, the perylene recovery still remained low. The spiking 
solvent was therefore changed to dichlorometharte and the whole proce-
dure repeated. The use of dichloromethane allowed a check to be carried 
Table 5.4 
Percentage Recoveries from Spiked Water Samples Initial Experiments 
1st Method, Anthracene =A fluoranthene = F 
500 ul 10 ppm 
- 5000 ng 
A, F & P 
A, F & P 
perylene = P 
500 u1 CH3 0H 
dryness 10 ng ul-1 
add to 
"''"'""!"' 2 1 distilled 
inject -+--- 1000 Ul hexane 
10 ul 
- 25 ng A, F & P 
Results 
Average recovery values were 
anthracene 
fluoranthene 
perylene 
2nd Method 
200 Ill 10 ppm A, F & P 
~ 2000 ng A, F & P 
water 
dryness 
extract with 
10 ml hexane 
dryness 
n=9 
Recovery RSD -X 
48% 13.7% 43 
58% 6.8% 55 
25% 9.7% 37 
500 u1 CH30H + 500 ul 
CH3 0H wash 
add to 2 1 
distilled water 4,5 ml 
inject +-- 500 J.i1 hexane 
10 Ill 
concn. 2ng ul[l 
dryness 
extract with 
5 m1 hexane 
: 36 ng A, F & P 
Results from duplicate de terminations + blank 
n=9 
Average recovery values were Recovery 
anthracene 45% 
fluoranthene 60% 
perylene 36% 
3rd Method 
200 ul 10 ppm A, F & P __ d_r~y_n_e_s_s_+ 500 111 
- 2000 ng A, F & P 
inject+-- 200 U1 
5 U1 hexane 
: 25 ng A, F & P 
5 ml to 
dryness 
l 
extract with 
10 ml hexane 
-
X . RSD 
63 2.4% 
90 11.0% 
73 9.7% 
CH2Cl2 * 
add to 
-
X 
48 
74 
81 
1 1 distilled 
water 
n=9 
RSD 
2.4% 
7.9% 
5,4% 
Table 5.4 continued 
Results 
Average recovery values were 
anthracene 
fluoranthene 
perylene 
33% 
43% 
33% 
(52%) 
(54%) 
(39%) 
* a check on the spiking solution at this point gave the 
following results 
anthracene 
fluoranthene 
perylene 
63% 
79% 
84% 
When these factors were applied to the above set of figures the 
results given in brackets were obtained. 
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out on the concentration of the solutions. (The injection of methane-
lie solutions into a toluene/hexane eluent flowing through a Porasil 
column upsets the chromatography,. as does any water present; further 
discussion of this point will be found later in this Chapter). 
At this stage of the experimental work the reproducibility of 
chromatographic results 
deviation being ~ 10%. 
was unacceptable, the relative standard 
This high figure could be due to a number 
of factors; one possible source. of error was thought to be variable 
losses of Stage II recovery solvent due to volatilization. Even tiny 
losses from ul quantities could produce considerable changes in con-
centration. In an attempt to check this, n-dodecane a higher boiling 
point solvent (Bpt 216°), was used in place of hexane. 
The results obtained by this method showed an improvement in the pre-
cision of Stage II (see Table 5.5 a) but the recovery figures were 
still low. A second 
had a 
portion of the hexane 
longer period of time 
extract was analysed, this 
in contact with the water portion 
sample. 
having 
Table 5.5 b shows the figures obtained •. 
From the results it was concluded that solvent extraction of the 
anthracene, fluoranthene and perylene from the water was still 
occurring. A second solvent extraction of the water sample was tried 
and these results are shown in Table 5.5 c. 
Further water samples were treated in the same way and measurable 
quantities of the three compounds were still obtained after three 
solvent extraction procedures. 
5.7 Vacuum Pump Evaporation 
A further step of the concentration stage was investigated as a 
possible source for loss of accuracy and precision. The vacuum evap-
oration of the hexane solution was monitored at various stages. By 
comparing the peak heights obtained for each of the three polycyclic 
aromatic hydrocarbons at these different stages it was possible to show 
that their ratios remained constant. 
Hexane solutions of anthracene, fluoranthene and perylene were shaken 
Table 5.5 a 
Results using a less Volatile Recovery Solvent 
Method. In duplicate + a blank 
200 1-11 10 ppm A, F & P ----=dc:.r.._y"'ne:..:s:..:s_,. 
- 2000 ng A, F & P 
(A) 5 ml dryness inject 200 J.Jl ' I 5 J.Jl n-dodecane = 27.5 ng A, F & P 
(B) 
500 1-11 CH 2Cl 2 * 
1 add to 1 1 distilled water + 500 1-11 CH 2Cl 2 wash. 
extract with 10 ml 
hexane allowed to 
stand overnight. 
* At this point both spiking solutions and the blank were analysed. 
The final recovery results were based on these figures. 
Results (A) x/mm RSD 
Sample (1) A anthracene 31% 14 7.0% 
fluoranthene 36% 27 6.0% 
perylene 42% so 3.4% 
Sample (2) A anthracene 22% 9.3 10.4% 
fluoranthene 24% 16.5 7.8% 
perylene 37% 41 5.4% 
Blank 
Table 5.5 b 
A second portion of the hexane extract was evaporated to 
dryness and 100 ~1 n-dodecane added;5 ~1 injections gave 
the following corrected results. 
Sample (1) B anthracene 41% 
fluoranthene 40% 
perylene 43% 
Sample (2) B anthracene 36% 
fluoranthene 36% 
perylene 42% 
Conclusion The increases in these figures suggest further 
exchange from the bulk water to the hexane layer;therefore 
a second extraction was carried out on both water samples. 
Table 5.5 c 
Check on the Efficiency of the First 
Solvent Extraction Stage 
1 1 water ---->-
Results 
Sample (1) 
Sample (2) 
Total extracted:-
Sample (1) 
Sample (2) 
second 5 ml to 
extract with ---,==.,.---, 
10 ml hexane dryness 1 
inject 5 ul ---
anthracene 
fluoranthene 
perylene 
anthracene 
fluoranthene 
perylene 
by 2 x 10 ml hexane 
anthracene 
fluoranthene 
perylene 
anthracene 
fluoranthene 
perylene 
100 ul 
n-dodecane 
38% 
34% 
25% 
45% 
47% 
27% 
69% 
70% 
67% 
67% 
71% 
64% 
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with a quantity of distilled water and the mixture allowed to sepa-
rate, After two days the organic layer was analysed and was found 
not to have changed in composition. It was, therefore, concluded 
that once the PAH's had been extracted into the hexane layer there 
would be no loss back to the water. 
Conclusions drawn from these experiments are that solvent extraction 
techniques are not reproducible, and that for large quantities of 
water containing ng l- 1 levels of PAH's such methods of analysis.are 
inconvenient. 
5.8 Development of a Column Concentration Method for PAH's 
in Water Samples 
(i) Introduction In 1980 Waters Associates introduced the Sep-Pak 
as an aid to sample clean-up prior to chromatographic separation. 
We decided to investigate the use of these cartridges as possible 
adsorption traps for PAH's in water. Use of a reversed-phase 
adsorbent, i.e. the C18-Sep-Pak, allowed the PAH's to be retained 
by the stationary phase whilst the polar mobile phase, water, passed 
through. 
Trace quantities of the component of interest can be held back whilst 
the bulk of the matrix is eluted to waste. This strategy, of re-
taining a low level component on the Sep-Pak whilst eluting most of 
the matrix, serves as a basis for carrying out the concentration 
step concurrent with collection. Typically, trace organic compounds 
in water are trapped out from 100-1000 ml of water onto a Sep-Pak 
C18 cartridge. The organics are then eluted either rapidly into 
1-2 ml of solvent or more slowly using a larger volume of eluent. 
A sequence of solvents or solvent mixtures produce a step-gradient 
which can be tailored to the precise requirements of a particular 
analyte determination. In this work a.method was devised using such 
procedures. 
After this work was started it became apparent that Water Associates 
(Sep-Pak manufacturers) had also been investigating the determination 
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of aromatic hydrocarbons in aqueous samples obtained from various 
sources. Their first paper74 describes a h.p.l.c. method for the 
determination of aromatic hydrocarbons in biologically treated water 
effluent from a coal-gas production plant. Reversed-phase mode 
chromatography, employing multiple detectors (i.e. fluorescence 
plus variable wavelength UV), was used so that the identification 
of individual components within a very complex sample could be made. 
The C18 ODS Sep~Pak was used purely as a hydrocarbon concentrator 
providing a 50-fold increase in concentration for the aromatic com-
ponents obtained from the water sample. A subsequent paper75 , again 
from Waters Associates, describes a study undertaken to. show the 
efficiency of the Sep-Pak as a sampling device. Conclusions drawn 
were that efficient on-site sampling coupled to concentration is 
possible, thus providing samples for UV and fluorescence detection 
in the part per billion range. 
The use of the silica-gel Sep-Pak for sample clean-up in the deter-
mination of PAH's in smoke has been reported by Crosby et al76 • In 
this paper it was used for clean-up of the solvent extract, the 
eluate afterwards being subjected to preparative t.l.c. Selected 
bands from the t.l.c. plate were then further extracted and concen-
trated before h.p.l.c. evaluation. 
An earlier paper 77 , although not using a Sep-Pak, used a h.p.l.c. 
pre-column of 40 ~m C18-bonded-phase pellicular material on which 
the organics were concentrated then back-flushed onto the analytical 
h.p.l.c. column. All the above analytical methods culminated in 
reversed-phase high pressure liquid chromatographic separations; in 
this project, however, the detection system had been developed using 
non-aqueous media and thus normal phase chromatography. The reasons 
for this have already been discussed, namely the possibility of radio-
active contamination by dissolution of the beta-particle source in 
aqueous eluents. Further work and developments in source design 
overcame this problem so opening up the whole field of reversed-
phase h.p.l.c. 
(ii) Experimental 
In order that possible sources of variation might be reduced to a 
minimum the following analytical procedures were adopted. 
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Sampling. All water sample containers (Winchesters) were prepared 
as follows:-
The brown glass Winchesters were fitted with screw-caps and PTFE 
inserts and then: 
(1) Rinsed with tap water and the 21 mark recorded on each bottle; 
(2) Rinsed with distilled water; 
(3) Rinsed with ultra-pure water; 
(4) Washed consecutively with methanol, 1,2-dichloromethane and 
hexane; 
(5) Emptied and inverted to dry and then capped firmly until sample 
collection. 
Pumps and pump-tubes were flushed with a part of the sample in an 
effort to reduce any losses through adsorption. 
Spiking. Quantitative checks were made on a portion of all spiking 
solutions and final percentage recoveries calculated from these 
figures. 
Standards. For each run a standard chromatogram was recorded 
immediately before a sample was chromatographed, in this way any 
instrumental variation could be taken into account. 
Linearity. As peak height evaluation was used it is important to 
consider the limitations of such a method. The main one being that 
of the change of relative error of measurement as the signal-to-noise 
ratio varies. To reduce this error, samples and standards were 
chromatographed sequentially and at comparable concentrations. 
5.9 Testing of Sep-Pak for Breakthrough 
Approximately 1000 ng each of anthracene, fluoranthene and perylene 
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were dissolved in dichloromethane and added to 500 ml of distilled 
water. This volume of water was pumped through an ODS C1a Sep-Pak 
at a rate of ea. 20 ml min- 1 • The Sep-Pak was then eluted .with 
1000 ul hexane. As the volume of hexane eluting from the cartridge 
varied (possibly due to void space of column) the volume was measured 
and the assumption made that 100% of the compounds had eluted in that 
volume. Table 5.6 shows the results obtained for a number of diffe-
rent runs. 
Comparison of the results obtained by solvent extraction and Sep-Pak 
extraction are consistent with the relative solubilities of the 
three components in aqueous solution72 : 
anthracene 
fluoranthene 
perylene 
The next parameter investigated 
functioning of the Sep-Pak. 
73 Ugl- 1 
260 ugl-1 
0.4 ugl-1 
was the influence of water on the 
The spike was applied directly to the Sep-Pak as a hexane solution, 
then eluted with methanol. This ensured that water was absent from 
the system. Although 1000ul of methanol were added to· the charged 
Sep-Pak elution volumes were of the order of 450 ul. Recovery 
figures are based on the assumption that all of the spike was eluted 
in this volume; Table 5.7 lists the results obtained. Again incon-
sistences in the perylene recoveries occurred. As only a part of the 
total volume of solvent applied to the Sep-Pak was recovered, it 
became important to monitor a number of sequential fractions to check 
the elution profile. 
This was done in the following way: 
A known quantity of each of the three components was loaded onto a 
dry Sep-Pak as a hexane solution, 1000 ul of methanol were passed 
through the Pak and the firSt fraction collected, measured and 
analysed. A further quantity of methanol was passed through the 
Sep~Pak, again the eluate was collected, measured and analysed. 
Table 5.6 
Results of Recoveries from Spiked Distilled Water 
Spike Solution Analysis I % Recovery Based on Spike I % 
Run Anthracene Fluoranthene Perylene Anthracene Fluoranthene Perylene 
1 78 98 100 63 43 19.5 
2 78 98 lOO 58 52 21 
3 94 100 100 56 51 37 
4 70 80 86 67 79 61 
5 80 92 96 52 54 40 
6 73 85 91 61 54 38 
7 84 96 100 66 72 47 
8 67 86 88 82 69 58 
9 74 90 78 67 53 45 
10 72 84 90 68 67 29 
11 77 89 95 80 60 42 
-X 77 91 93 65 59 40 
RSD 9.6% 7.3% 7.8% 14.1% 18.3% 33.3% 
Table 5. 7 
Elution of Anthracene, Fluoranthene and 
Perylene from a Dry Sep-Pak 
Percentage 
Sample No 
1 
2 
3 
4 
RSD 
X 
Recoveries 
% Anthracene 
65 
69 
63 
62 
4.8% 
65 
% Fluoranthene 
67 
68 
68 
62 
4.3% 
66 
% Perylene 
84 
63 
59 
53 
20.8% 
65 
This procedure was repeated a third time and the results obtained 
are tabulated in Table 5.8. 
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5.10 An Investigation of the Effect of a-Non-polar-eluent, Hexane, 
on the Interaction of the PAH' s 1~ith the Sep-Pak. 
40oo·ng quantities of the three polynuclear aromatic compounds in 
hexane were loaded onto a dry Sep-l'ak and the percentage recovery 
correlated with the volume of hexane eluate; Table 5.9 shows these 
results. 
In.order that any effect due to the Sep-Pak might be quantified, 
and the re-use of an individual Sep-Pak checked, the following 
experiments were performed. 
A 1 ppm standard solution of the three components was prepared and 
reference chromatograms obtained for 10 Ill volumes (10 ng); Figure 
5.3 (a). 4000 ng of A, F and P were loaded onto a Sep-Pak and 
eluted with 5000 ul hexane into a volumetric flask. The same quan-
tity of the PAH's was added directly to a 5000 ul volumetric flask 
and made up to volume with hexane. Figure 5.3 (b) shows chroma-
tograms obtained for 10 Ill injections of these two solutions. As 
can be seen, there is very little difference in peak heights; sub-
sequent re-loading and elutions of the same Sep-Pak again gave re-
producible elution profiles; Figure 5.3 (c). 
Conclusions to be drawn from these experiments are that firstly, 
there is no exchange of PAH's from a non-polar solvent into the 
non-polar stationary phase and secondly, that no contamination from 
the Sep~Pak is detectable under these conditions, the only possible 
effect occurring is a "clean-up" (i.e. removal by the Sep-Pak of 
fluorescent contaminants present at very low levels in the h.p.l.c. 
grade hexane). 
5.11 Concentration of Aqueous Samples; Introduction of Water 
to the System. 
Samples of water were spiked with dichloromethane solutions of 
Table 5.8 
Experiment to Monitor Fractions Eluting from Sep-Pak 
Method. 2500 ng of anthracene, fluoranthene and perylene loaded 
onto dry Sep-Pak. 
Eluent volume Eluate volume 
( 1) 1000 Ill 560 Ill 
(2) 500 Ill 500 Ill 
(3) 500 Ill 400 Ill * 
10 !Jl of eluate injected. 
* The third eluate volume is reduced possibly due to evaporation 
of solvent from the Sep-Pak as there was a delay of 2 hours at 
this stage of the experiment. 
% 
Fraction 1 Total rec/ng % Recovery Fraction 2 . Total n.c/ng Recovery 
a Anthracene 2038 [ 81.5 a Anthracene 156 6.2 
b Anthracene 2419 av. 96.8 b Anthracene 108 '"· [ 4.3 
c Anthracene 2352 90.8% 94.0 c Anthracene 135 5.3% 5.4 
a Fluoranthene 2128 f 85.1 a Fluoranthene 140 5.6 
b Fluoranthene 2570 av. 103.0 b Fluoranthene 148 '". [ 5.9 
c Fluoranthene 2402 94.7% 96.1 c Fluoranthene 123 5.5% 4.9 
a Perylene 2050 82.0 a Perylene 159 6.4 
b Perylene 2520 av. 101.0 b Perylene 180 '"· [ 7.2 
c Perylene 2240 90.9% 89.6 c Perylene 135 6.3% 5.4· 
The amo~nts recovered from fraction 3 were below the limits 
of detection. 
Conclusion. 92% elutes in first 600 1.11. 
Table 5.9 
Percentage Recoveries of Anthracene, 
Fluoranthene and Perylene 
% Recovery 
Sample Elution Vol. A F p 
1H 500 ]..11 103, 123 99, 109 98, 106 
2H 500 ]..11 110, 101 100, 100 101, 100 
3H 500 ]..11 100, 96 101, 98 93, 98 
4H 1000 ]..11 93, 91 97, 88 88, 95 
5H 1500 ]..11 96 103 96 
average 101 99 97 
eluate made to 5000 ]..11 in a volumetric flask. 
Loading as hexane solution and eluting with hexane. 
p 
147 
~09 
p 
143 
A 
47 
10ng A.F. P. 
+ 10ng A.F.P. 
Figure 5.3(a) Standard Chromatograms of Anthracene, Fluoranthene 
and.Perylene;lOng of each. Peak Height in mm. 
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Figure 5.3 (b) Comparison Chromatograms to Show the Effect of Sep-Pak 
(1) and (3) Eluted from Loaded Sep-Pak. 
(2) Same Quantities of A.F.P. Without Sep-Pak Interaction 
Peak Heights in mm. 
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F 
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Figure 5.3 (c) Recoveries Obtained for Re-loading 
and Elution of Same Sep-Pak. 
A.+ 
I 
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anthracene, fluoranthene and perylene and the water pumped through 
a Sep-Pak using a peristaltic pump. The excess water was removed 
from the Sep-Pak with absorbent paper and elution carried out using 
2000 ul of hexane. This proved to be a very slow process, as 
immiscibility of the hexane and water slowed down solute exchange 
and flow through the Sep-Pak. When the eluate was collected and 
diluted to 5000 Ul with hexane and 10 Ul quantities.analysed, 
results showed that only 30% of the components were being recovered. 
These findings indicated that a different eluting solvent, or combi-
nation of solvents, was required. Different combinations of sol-
vents were investigated, and the findings are tabulated in 
Table 5.10. 
In order that hexane could be used more efficiently dichloromethane 
was introduced as an intermediate solvent. The dichloromethane 
removed the water from the Sep-Pak· thus allowing better extraction 
by the hexane of the PAH's held in the non-polar stationary phase. 
Initially, the 500 ul of dichloromethane containing the water were 
discarded but experiments on the system showed this to be a source 
of inaccuracy. Thereafter, the 500 ul of dichloromethane were added 
~o the loaded Sep-Pak in 100 ul aliquots and the eluate collected 
in a 5 ems volumetric flask. The elution of the Sep-Pak was con-
tinued with 2 ems hexane and the final volume was taken to 5 ems 
with hexane. Table 5.11 shows the percentages of the three com-
ponents recovered after various amounts of water had passed through 
the loaded Sep-Pak. It can be seen that the percentage recovery 
remained reasonably constant for volumes of water ranging from zero 
to 2000 ems. 
It is interesting to note that the relative standard deviation of 
the procedure contains a large contribution from purely instrumental 
parameters. 
At this stage in the project we obtained a 100 mCi (3.7 x 109 Bq) 
147 Pm source. This new source was fitted into the flow-cell and 
checks on the sensitivity made, Figures 5.4 (a) and 5.4 (b). 
Table 5.10 
Development of an Elution Profile 
4000 ng of anthracene, fluoranthene and perylene in hexane 
evaporated to dryness. Taken up in solvent and added to 25 ml H20. 
Solvent and Sep-Pak Eluting % 
Quantity Anal:z:sis Pre-Treatment Solvent Recovered 
No 
1 400ul CH2Cl2 10.32A None CH2Cl2 24 
10.45F 36 
10.54P 37 
2 400ul 10.33A Me OH 43 
CH2Cl2 10.40F 42 
10.52P 54 
3 400ul 8.4A H20 Me OH 15 
Me OH lO.lF Wetted 33 
6.0P 33 
4 400 1 6.1A Me OH Me OH 33 
Me OH S.lF Wash 39 
5.9P Then H20 32 
Table 5.11 
Variation in Percentage Recovery with Volume of Water Passed Through Loaded Sep-Pak 
Vol H2 0 Std A Std F Std P Rec A Rec F Rec P %R A %R F %R p 
0 cm3 21 mm 47 62 21 47 61 100 100 98 
5 cm3 22 48 62 23 51 68 104 106 110 
5 cm3 21.5 47.5 61.5 22 51 67.5 102 107 110 
15 cm3 20.5 45.5 59.5 19 44 58 93 97 97.5 
15 cm3 19 44.5 58.5 93 98 98 
30 cm3 19 42.5 56 18 40.5 54 95 95 96 
30 cm3 . 18 41 53.5 95 96 95 
150 cm3 20.5 46.5 59.5 20 45.5 57 98 98 96 
510 cm3 21 47 62 19.5 44 59 93 94 95 
1000 cm3 21 47 64 18.5 43 56 88 91 88 
2000 cm3 20 44 59 18.5 42 62 93 95 105 
2000 cm3 20 44 60 19 45 63 95 102 105 
RSD 4.1% 4.0% 3.7% RSD 4.7% 4.9% 6.7% 
- 20.65 45.9 60.55 - 95.8 98.3 99.5 X X 
6RSD 0.6% 0.9% 3.0% 
4600 ng of anthracene, fluoranthene and perylene spiked onto a methanol-water-washed ODS Sep-Pak. 
t 
Figure 5.4 (a) 
p 
Conditions • 
147 
100 mCi Pm source 
0 Eluent 10 b toluene 
0 90?, hexane 
F lnjn, Sng A, F, P 
A 
R4 GS f0·5 
Bkgd, 100,500 cpm 
Flow rate 0·87 ml min-1 
Chart speed 120 mm hr-1 
Sng Each ·of Anthracene, Fluoranthene, 
and Perylene 
Figure 5.4 (b) u Porasil Column 10% Toluene 90% Hexane lOOmCi 1 "'Pm Peak Height I mm ng- 1 
VS Background Photon Count R4 G5 £0.5 
30 
25 
20 
Peak 
height 
mn.ng·' 
Ill [i) 
Perylene G~------------~0 
Fluoranthene 
Anthracene ~ ~ ~------·~~----~~~-----------~------------ m~ 
OL---~8~8--------~9~0~--------~9~2--------~9~4~--------~9~6~------~9~8~--------•1~0~0----
Photon count min"1 x 103 
Determinations of saturated solutions in water of the three PAH's 
were carried out using the following analytical procedure: 
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The saturated solution was filtered through a GF/C glass-fibre 
filter held in a Hartley funnel. The filtered water was then 
pumped through a Me0H/H2 0 pretreated C18 Sep-Pak. Elution of the 
Sep-Pak by 500 ul of CH2Cl2 followed by 2000 ul hexane gave a solu-
tion which was subsequently diluted to 5000 ul with hexane to pro-
duce the sample for analysis. A chromatographic separation of 
10 ul of this solution on a u Porasil column with an eluent compo-
sition of 10% toluene/90% hexane produced results indicating that 
the saturation points in water were:-
anthracene 
fluoranthene 
2250 ng r-1 
5000 ng1 r-1 • 
We were unable to obtain a figure for perylene owing to its very 
low solubility in water. 
Using a methanolic solution as a spike, a water sample was prepared 
containing 610 ng 1-1 of anthracene and 760 ng 1-1 of fluoranthene 
in distilled water. This sample was analysed using the method 
devised and Figure 5.4 shows the chromatograms obtained from which 
it can be seen that very good recovery had been achieved. (N.B. the 
anthracene signal has been quenched slightly by the negative dichloro-
methane peak) • 
At this stage the method for analysis was extended to real samples. 
Collection bottles were prepared as indicated earlier in this Chapter. 
Samples of river water were collected for 
being Waterloo Pier on the River Thames. 
analysis, the point of sampling 
Water samples obtained from 
this source were found to contain a high percentage of suspended matter. 
It was to become apparent from our experiements that such particulate 
matter greatly influenced the level of recovered PAH. 
In the preliminary stages the raw water samples were pumped through 
pre-treated Sep-Paks. This procedure was somewhat laborious as the 
suspended material partially blocked the Paks restricting the water 
flow. Elution of those Paks gave solutions which produced blank 
chromatograms, as did subsequent re-extraction of the same water 
samples. It was, therefore, obvious that the method of analysis 
was not sensitive enough and that a second concentration step would 
be necessary. 
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A portion of the water sample was filtered through a GF/C glass-fibre 
filter held by a Hartley funnel. rhe filtered water was then spiked 
with a methanolic solution of fluoranthene and the· analytical pro-
cedure carried out. A second raw water sample was taken after the 
Winchester had been shaken to disperse the sediment and a 1000 cm3 
portion of this water was spiked in the same manner as the filtered 
sample. Filtration was then carried out post-spiking with subse-
quent analysis; the results obtained are contained in Table 5.12. 
It can be seen from these results that any particulate matter con-
tained within the sample acts as an adsorption trap for polynuclear 
aromatic compounds. 
In the next stage the mass of the spike was reduced 10-fold to 76 ng 1- 1 
and an increase in the sensitivity obtained instrumentally. At a gain 
setting of 20 a detection limit of 50 pg was possible and thus, by 
further sample concentration, a detection limit in the part per billion 
range seemed to be achievable. 
A further 20-fold concentration step was made possible by evaporation 
of the extract and re-dissolution of the residue in 100 ul of hexane 
giving a so1 ution which contained 0.3 ng 1- 1 of added fluoranthene. 
Figure 5.5 a shows chromatograms obtained by this method and lists re-
tention times for the various peaks recorded. Comparison of chromato-
gram (1) for 6 ng fluoranthene with chromatogram (2), the concentrated 
extract from the Thames water sample shows that although both samples 
contain equivalent amounts of exogenous fluoranthene clearly the Thames 
extract also contains fluoranthene contaminant (or some similarly re-
tained component). 
Figure 5.5 b shows chromatograms to verify that peak (d) is due to 
fluoranthene (or a compound which eo-eluted with fluoranthene). 
Addition of anthracene along with fluoranthene to filtered Thames 
Table 5.12 
Results of Preliminary Analyses of 
Thames Water Samples 
(1) Initial analysis of raw unfiltered water sample 
gave 0 ngm 1- 1 • 
' 
(2) Filtered sample + spiked of 760 ng 1- 1 
fluoranthene gave 1075 ng 1-1 
i.e. 1075 - 760 = 315 ng r
1 
fluoranthene 
(3) Unfiltered, spiked then filtered water gave 
793 ngm 1-1 
i.e. 793 760 = 13 ng 1-1 
Figures 5.5 a and 5.5 b 
Experimental Conditions:-
Eluent 10% toluene 90% hexane 
Column u Porasil lOO mCi 147Pm source 
Flow rate (a) 0.832 
{b) (1) 0.886 
(2) 0.857 
(3) 0.843 
Chart Speed 
R4 G5 
120 mm/hr 
f0.5 
Background 113500 cpm. 
Figure 5,5 a 
6 ng fluoranthene 
Figure 5.5 b 
Chromatogram (2) 
peak {d) = 
ml min- 1 
ml min- 1 
ml min- 1 
ml min- 1 
81mm 
95 mm 
7,04 ng in 5 ul 
141 ng/100 ul· 
Added spike was 30 ng. 
(2) 
d 
Rt/mm httmm 
a 12 8 
b 15 59 
c 16 119 
d 17 FSD 
20,ul of extract 20 9 e 
f 21 6·5 
c 9 22·5 9 
h 23·5 6·5 
25·5 2 
Bkg = 113500 
( 1) EV = 1400 
Eluent 10% toluene 
90% hexane 
R4 GS f0.5 
b 0.832 ml min- 1 Flow 
Chart speed 120mm hr- 1 
fluoranthene 6ng RI= 17 
L.,___..JL__~( __ ,_j __ ~--1---'---
Figure 5.5 (a) Chromatograms Obtained after 20-fold 
Concentration Stage. (1) Standard Fluoranthene · 
(2) Thames Water Extract + Fluoranthene. 
Method A minute quantity ea 5 ~1 of the extract was taken and 
5 ul 1 ppm fluoranthene standard solution added. As the volume 
was still very small 5 ul hexane were added. 
A 5 ul injection of this mixture d 
was chromatographed (3) to see if 
the peak intensities altered relative 
to one another. 
d 
(2) 
'd 
(3) 
c 
c 
b 
b 
b 
Results Pk ht /m m 
Original Extract 
Ratio 
(b) 20 
(c) 44 
(d) ' 95 
0.455 
0.463 
Final Solution 
Ratio 
(b) 10.5 0.456 
(c) 23 
(d) 72 0.319 
i.e. peak (d) had 
increased in intensity 
Conclusion: Peak (d) 
is fluoranthene. 
Figure 5.5 b Experiment to Check that 
Peak (d) is Fluoranthene. 
water was tried, the procedure for analysis being as follows:-
One litre of Thames water was filtered through a GF/C glass fibre 
filter (Whatmans) and the filtered water spiked with anthracene and 
fluoranthene at around the 40 ng I- 1 level. The sample was then 
pumped through a MeOH/H 20 pre~treated C18 Sep-Pak using a Watson-
Marlow peristaltic pump (Model No 5025). 
Any components retained by the Pak were eluted using five sequential 
aliquots of 100 ul of 1,2-dichloromethane and then hexane until the 
final elution volume approached 5 cm 3 • The eluate was collected in 
a volumetric flask and made up to the 5 cm 3 mark with hexane. The 
contents of the flask were transferred to an evaporation vial, the 
volumetric flask being washed with a further 500 ul hexane. 
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Evaporation was achieved by bubbling argon gas through the solution. 
The residue was then re-dissolved in 100 ul of hexane and 3 vl 
samples chromatographed. Figure 5.6 (a) shows a typical chromatogram 
plus a chromatogram of a 3 ng standard solution of anthracene, fluo-
ranthene and perylene; Figure 5.6 (b) compares the chromatogram ob-
tained for the distilled water blank. 
5.12 Analysis of Thames Water by Standard Additions Method 
2 Litres of Thames water were filtered of which one litre was spiked 
with approximately 50 ng each of anthracene and fluoranthene. Both 
of these 1 litre samples were passed through pre-treated C18 Sep-Paks 
before being eluted in the usual way. 20 vl injections of the eluate 
were chromatographed and chromatograms obtained compared with stan-
dards for anthracene and fluoranthene at the 10-12 g per injection 
level (see Figure 5.7 (a) and 5.7 (b)). 
It can be seen from the chromatograms that high gain settings were 
necessary with the consequent increase in background noise level. 
As indicated previously, a further concentration step provided better 
sensitivity for the components present in the extract, and Figure 5.8 
shows the form of the Thames water extract chromatogram after such a 
step. Calculations on the results obtained shows that the evaporation 
stage was giving 91% recovery. From these .figures it was possible to 
calculated a figure of 65 ng 1-1 of anthracene in the Thames water, 
Colunn f'J Porasil. Eluent 
R4 G10 f0·5 Chart speed 
Flow rate 0·9 ml.min- 1 
10% toluene go% hexane 
300mmhr-! 
Background 106,000 cpm EV 1400V 
(iii) 3,ul extract 
(il) standard 3ng A .F. P. 
10t'JI blank (5.6b) 
Figure 5.6 (a) and (b) Chromatograms of Thames Water 
Extracts, Standards and Distilled Water Blanks. 
(I) 5JYI extract 
(5,6a) 
10,ul blank 
(1) R4G5f0·5 
(4) R4 GSO f0•5 
t 
R4 G10 f0·5 
(3) R4 G20 f0·5 
Figure 5.7 (a) Chromatograms Showing the Effect of 
Changing the Gain Setting 
131 
121 
Eluent: 90% hexane 10% toluene. R4 GSO f0•5 
Flow rate 0·94 ml min-• 
Chart speed 300 mm hr-1 
Back!Jrqund 115,000 cpm 
Chromatoerams: 
1 : 200 pg fluoranthene 
a: 400 pg fluoranthene 
3 : · 400 pg anthracene, fluoranthene and 
perylene 
111 
141 noise 
Figure 5.7 (b) Chromatograms obtained for Picogram 
Quantities of Anthracene, Fluoranthene and Perylene, 
96 
Thus giving figures of 
Anthracene 65 ng 1-1 
Fluoranthene 160 ng 1-1 
Figure 5.8 indicated that much better chromatographic resolution 
was required. Part of the difficulty was due to the small quantity 
of water eluting with the organic solvents from the Sep-Pak cartridge. 
Not only did the water corrupt the chromatogram, it also interacted 
with the column packing material causing high back-pressures. It, 
therefore, had to be eliminated. 
5.13 Development of a Drying Stage 
In. an attempt to overcome these problems a drying stage was incor-
porated into the analytical procedure. 
Initially, the eluate from the Sep-Pak was allowed to filter through 
a fluted Whatman No. 1 filter paper containing anhydrous sodium 
sulphate. Small quan,tities (ea. 25 cm ) of distilled water were 
spiked, analysed and percentage recoveries calculated. Results 
from four runs indicated that only 50% ~ 5% of the components were 
being recovered. Checks were performed to ensure that loss of com-
ponents to the Sep-Pak had not occurred.. Also, after passage of 
the eluate through the sodium sulphate bed, a further aliquot of 
hexane was passed and collected. This second filtrate was chromato-
graphed to verify that all the anthracene and fluoranthene had been 
removed from the drying bed. At this stage a 4.5 cm Hirsch funnel 
was tried so that a sodium sulphate bed of uniform thickness could 
be used. The initial run did not function properly as the surface 
·area of the sodium sulphate was less, and the drying agent "fused" 
preventing liquid flow. Further runs were performed,supported by 
checks for losses to the filter bed and blank runs conducted to 
eliminate any peaks due to solvent impurities or contaminated 
glassware. Table 5.13 shows the results obtained. 
Up to this point in the experimental work the evaporation/concen-
tration stage had been carried out by bubbling argon gas through 
a known volume of the eluate. The residue left was then re-dissolved 
42 
5 
1 
Conditions as Figure 5. 7 
10 ,.,, of extract 
. 
Figure 5.8 Thames Water Extract 
Run No 
F 
G 
H 
I 
K 
L 
M 
Table 5.13 
% Recoveries Obtained After the 
Incorporation of a Drying Stage 
% Re~ Anthracene % Rec. 
87 
57 
93 
73 
64 
58 
85 
RSD 20% RSD 
Fluoranthene 
97 
64 
95 
83 
78 
80 
112 
18% 
97 
in 200 ~1 of hexane and 20 Ul aliquots analysed chromatographically; 
Table 5.13 gives an indication of the imprecision of such a technique. 
The next stage in the development of the analytical procedure was 
therefore a refinement of the evaporation stage. 
5.14 Evaporation Manifold 
A glass manifold was constructed which connected, via a three-way 
stopcock, to a trolley vacuum pump. The manifold consisted of a 
40 cm x 1.5 cm diameter glass tube having four Quickfit BlO cone 
outlets. It was possible to attach to each of these cones a small 
pear-shaped flask (Quickfit) having a volume of 15 cm3 • These 
flasks had a.side-arm with a second BlO socket attached which was 
used to insert an air-bleed tube to ensure that there was a steady 
stream of bubbles during the eval'oration, so preventing "bumping" 
of the liquid. (Plate 3) 
During a typical run the components of interest were concentrated 
on the MeOH/H20-washed C18 Sep-Pak. The Sep-Pak was then eluted 
with 5 x 100 ~1 of 1,2-dichloromethane followed by hexane to give 
approximately a total final volume of 5 cm3 • This eluate passed 
through a drying-bed of anhydrous sodium sulphate into the evapora-
tion flask which was then attached to the vacuum line and an air-
bleed tube inserted. A steady evaporation to dryness followed, 
100 ~1 of hexane were passed down the air-bleed tube into the 
flask followed by a second 100 ul of hexane to wash the flask. 
After mixing the solution, 20 ~1 aliquots were injected onto a 
~-Porasil column and eluted with a 90% hexane/10% toluene mixture. 
A number of runs were carried out, but after about six there was 
increasing base-line disturbance with loss of resolution. In 
addition, two runs produced a third unknown peak. (These runs were 
all carried out on distilled water spiked with anthracene and 
fluoranthene). 
Again such results pointed to "wetting"·of the )l-Porasil column; 
perhaps being due to a slow build-up of water from small amounts 
i 
:.· 
·,· .. 

still remaining after the drying stage. A further step, taken to 
eliminate this final trace of water was to remove with a tissue, the 
water drop trapped in the Sep-Pak after passage of the sample. Also, 
as a further precaution, argon gas was flushed through the loaded 
Sep-Pak. As a result of these procedures better-resolved chromato-
grams were obtained and average results from three runs gave:-
anthracene 
fluoranthene 
82% 
90% recovery. 
5.15 Attempts to Identify the Source of the Third Peak 
Blank runs were preformed using distilled water in an attempt to 
find the source of the third peak; however, two such runs failed to 
give any peaks. This observation raised the question of whether the 
mystery peak arose as the result of some interaction between anthra-
cene or fluoranthene and water. The random occurrence of the third 
peak made it difficult to specifically relate its appearance to 
some particular variant in the analysis. The only possible clue was 
the concomitant loss of chromatographic resolution. One further 
factor was that the peak had only been seen in spiked distilled 
water samples. 
Further runs were made using distilled and filtered Thames water 
samples. Although the real sample chromatograms showed loss of 
base-line resolution they were used to confirm the peaks due to 
anthracene and fluoranthene; Figure 5.9 (a) and 5.9 (b). The 
initial runs showed no signs of the third component; however, in 
subsequent distilled water runs the peak returned. 
5.16 Z-Module Radial Compression Separation 
In an attempt to improve the results, experiments were carried out 
using a. ~-Module Radial Compression Separation System purchased 
from Waters Associates. Such a system is based on a flexible-walled 
tube packed with chromatographic material the whole column then 
being compressed to become a highly efficient bed structure mini-
mising dead volumes within the packed bed. In a rigid-wall steel 
1: 20 fA I of extract 
2: 20 fll of (1) + anthracene 
· 3: 20 fJI of ( 1) + + anthracene 
Conditions as S.9b 
1 2 3 
1 
I 
Figure 5.9 (a) Confirmation of the Anthracene Peak 
1: 20 !J I of extract 
2: 20 pi of (1) + fluoranthene 
3: 20 !JI of (1) + + fluoranthene 
1 
Chromatographic condlt Ions: 
Eluent 10% toluene 90% hexane 
-I Flow rate 0·94 ml mln 
-I Chart speed 300 mm hr 
R4 G10 f 0·5 
2 
Figure 5.9 (b) Confirmation of the Fluoranthene Peak 
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column packing is achieved by force or gravity leading to the possi-
bilities of irregularities developing. Radial compression, as a 
compensating force, does not allow the column structure to void with 
time so conferring additional stability and reliability, 
The 6-Module RCSS is supplied with Radial-Pak cartridges, the one 
used in this work was the 10 ~m ~-Porasil cartridge, 
On changingto this new chromatographic system, and using 10% toluene/ 
90% hexane as eluent, resolution of the three component mixture 
deteriorated; see Figure 5.10 (a). Passage of 1% acetonitrile/99% 
toluene improved the situation (Figure 5.10 (b)) and , finally, ade-
quate resolution was attained when an eluent comprising 8% toluene/ 
92% hexane was used, Figure 5,10 (c). A sensitivity comparison was 
made between the two eluents and Table 5.14 gives the figures obtained. 
At this stage of the experimental work a sudden increase in the back-
ground fluorescence was observed. The increase took the normal photon 
count rate of 110,000- 111,000 c.p.m. up by 35,000 counts. Figure 5.11 
shows a plot of peak height in mm ng-1 for each of the standard sub-
stances versus the background fluorescence given in counts per minute. 
It can be seen from this graph that the sensitivities had decreased. 
Investigations were carried out both on the eluent composition and on 
the individual components. The particular batch of hexane used was 
found to be contaminated, see Section 3.1. Whilst awaiting new 
supplies of hexane a number of other hydrocarbons were tried as poss-
ible eluents. 
5.17 Experiments to Determine Whether Heptane is Usable as an Eluent 
Heptane; Aldrich Gold Label Spectroscopic grade. A UV spectral 
analysis was carried out using a Cecil UV Spectrophotometer, Figure 
5.12 (a) shows the absorbance obtained using distilled water as a 
reference. The system was started up using the chromatographic con-
ditions indicated on Figure 5.12 (b). Initially the background count 
was 130,000 c.p.m. but this increased steadily until after three hours 
the base-line became stable and reproducible peak heights were 
a: 10% toluene 90% hexane 
b: as (a) after passage of 99% 
(a) 
toluene 1% acetonitrile 
c: 8% toluene 92% hexane 
Flow rate 0·96 ml mln- 1 
. -1 Chart speed 50 cm hr 
p 
F 
(b) (c) 
A 
Figures 5.10 (a), (b) and (c) Chromatograms Obtained for 20ng 
of Anthracene, Fluoranthene and Perylene. lOum u-Porasil Radial-Pac 
Z-Module, Eluent as Indicated. 
Table 5.14 
Sensitivity Comparison:- 8% vs 10% toluene 
in Hexane as the Chromatographic Eluent 
8% toluene 92% hexane helium degassed. 
Gain setting Quantity Peak Height/mm 
Anthracene Fluor. Perylene 
G10 3 ng 28 62 85 
28 61 84 
G 2 20 ng 46 99 134 
10% toluene 90% hexane helium degassed. 
Gain setting Quantity Peak Height/mm 
Anthracene Fluor. Perylene 
G 2 8 ng 28 56 68 
10 ng 36 69 85 
expect for · 20 ng 72 138 170 
Therefore when using 8% toluene we get 
64% 72% 79% 
of the signal using 10% toluene. 
15 
Peak 
130 
perylene 
b,~.----ei. 
fluoranthene 
0---0-----0 
anthracene 
110 111 112 
132 134 136 138 
X 103 Counts m in"' 
Figure 5.11 ~-Module u-Porasil Cartridge 8% Toluene 92% Hexane 
Peak Height I mm ng~1 vs Background Photon Count. R4 G10 fO.S 
140 142 144 
\ I '~ao~~,g~o--~20~o--~2~1o~~2~2~o--~27ao~~2~.~o--~2s~o~~2~eo~~2~7~o--~2BoAnm 
Sample Aldrich Gold Label heptane 
Reference distilled water 
2·0 AU. FSD!!! 20cm 
Scan speed 20s.cm" 1 
2·5 nm. s"' 
Scale expansion 10 nm, cm"' 
Figure 5.12 (a) UV Absorption Spectrum 
of Heptane. 
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obtained for a standard injected sample. Figure 5.12 (b) shows the 
chromatograms obtained along with the sensitivities achieved. Finally, 
a further spectroscopic check was made on the toluene content of the 
eluent, the conclusion being that no changes in composition had occur-
red throughout the experiments. 
5.18 Experiment to Test n-Pentane as an Eluent 
As only Standard Laboratory Reagent grade rt-pentane was available this 
was filtered through a regenerated cellulose filter (Micro Filtration 
Systems supplied by V. A. Howe & Co. Ltd.). 
Again an 8% toluene solution was prepared using the solvent deoxygena-
tion rig and the results obtained appear as Table 5.15. 
A new batch of hexane was received and fresh eluent prepared, but the 
background fluorescence was still higher than expected and responses 
reduced. The cell positioning was adjusted and it was noticed that 
on rotation, a variation in the background count occurred. It was 
therefore concluded that the silver foil had somehow become damaged, 
thus allowing more light to fall on the photomultiplier tube. At 
this stage we were awaiting the new commercially-produced, stainless 
steel cell shown in Figure 2.5. However; time dictated that we con-
tinue with the present cell until the new one arrived. 
Standard Water 
Following the random appearance of spurious peaks in the chromatograms 
of spiked distilled water samples, a unit for the production of ultra-
pure water was purchased (Gelman Water I Unit). The unit ·incorporated 
a charcoal filter and ion-exchange resin column to remove dust and 
organic contaminants and produced water with. a conductivity of 18 mn. 
5.19 Analytical Procedure at this Stage in the Experimental Work 
Samples were collected in pre-treated bottles and one, or two, litre 
quantities were pumped through a washed C180DS Sep-Pak using a Watson 
Marlow peristaltic pump. All the Sep-Paks were washed in the following 
11& 
90 
36 
Chromatographic conditions •· 
Eluent So/otoluene g2%heptane 
z module ,u-Porasil cartridge 
Helium degassing R4 G10f0·5 
• •• Flow-rate 0·95 ml,mm 
Chart speed 20 cm.hr 
_, 
Background 203,000 cpm 
Sensitivity •· 
A= 6•0 mm,ng"1 
F = 15•0 mm,ng ·• 
P• 19·7 mm,ng 
_, 
6ng A F&P. 
+ 
Figure 5.12 (b) Chromatogram Obtained for the Three Component 
Mixture Eluted with 8% Toluene 92% Heptane. 
Background 
c.p.ITI. 
222,000 
204,000 
204,000 
198,600 
199,700 
Quantity 
.!!& 
3 
3 
3 
3 
3 
Table 5.15 
Sensitivities Obtained when 8% Toluene 92% n-Pentane Eluent Used 
Chromatographic Conditions:- 6-Module ~ Porasil cartridge 
Eluent 8% toluene 92% n-pentane. Flow rate lcm3 min- 1 
Instrumental settings Range 4 Gain 10 f 0.5 
Anthracene Fluoranthene Perylene 
26 8.7 46 15.3 72 24.0 
26 8.7 49 16.3 71 23.7 
27 9.0 52 17.3 82 27.3 
26 8.7 so 16.7 79 26.3 
29 9.7 51 17.0 82 27.3 
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way: 2000 ul of h.p.l.c.-grade methanol were passed through the Pak 
using a syringe. This wash was then followed by 5000 ul of ultra-
pure water. After the sample had been pumped through the Pak excess 
water was removed and a stream of helium gas passed through to dry the 
pre-concentration column. Elution was achieved using 500 ul dichloro-
methane followed by 5000 Ul of hexane; the combined eluate then flowed 
through a bed of anhydrous sodium sulphate contained on a regenerated 
cellulose membrane supported in a Hirsch funnel by a wire mesh MFS 
filter. 
The dried eluate was collected in a small pear-shaped evaporation 
flask and an air-bleed tube inserted via the side-arm of the flask 
to allow the latter to be attached to the vacuum evaporation manifold. 
After evaporation to dryness 200 ul of hexane were added .to the flask 
and the flask carefully washed. The solvent, now containing the resi-
due, was transferred to a !~dram vial, capped firmly and labelled A. 
A further wash of the flask using another 200 ul aliquot of hexane 
was made, and the washings transferred to a second !-dram vial label-
led B. A typical set of results is shown in Figure 5.13. In this 
particular set of experiments 3 x 1lsamplesof ultra-pure water were 
taken; one acted as a blank (1), ·whilst the other two were spiked 
with both anthracene and fluoranthene (2 and 3). In addition, a 
blank was run on the sodium sulphate filter (4) to help the chroma-
tographic interpretations. Comparison of the chromatograms obtained 
in runs 1 and 4 suggested residual contamination from the Sep-Pak. 
A further blank was performed on a Sep-Pak and chromatogram No. 5 
shows the results obtained. The discrepancy between the water blank 
(1) and the system blanks (4) and (5) prompted further investigations 
into possible sources of contamination. 
In order to eliminate environmental contamination, i.e. to find out 
if air from the laboratory was causing contamination, a further blank 
on a new Sep-Pak was carried out; This time the experiment was per-
formed in a second laboratory, so allowing the evaporation to be 
conducted in an atmosphere free of any possible cross-contamination 
or any other chemical pollutant. Virtually identical chromatograms 
5 (1) were obtained suggesting that the ultra-pure water, or its 
p 
F 
A 
I 
18 
Na2S04 filter blank. 
Sep-Pak blank. 
I 
Standard 
1A 
3 ng anthracene. 
t 
f luoranthene. 
perylene. 
Chromatographic 
Conditions 
See Figure 5.13 (d) 
1A= 11. ultrapure water 
blank. 
Standard 
4A 3 ng 
anthracene 
f luoranthene 
pery le ne 
Figure 5.13 (a) Standard Chroinatograms and Blanks Obtains for 
Various Elements Within the Analytical System. 
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interaction with the Sep-Pak, was·the source of the fluorescence 
signal. 
A further Sep-Pak 5 (2) was prepared and a sample of ultra-pure 
water pumped through; the water was then collected and subjected 
to further passage through a second pre-treated Sep-Pak (6). Both 
of the Sep-Paks were eluted using the usual procedure and the chroma-
tograms 5 (2) and (6) obtained were compared. Within experimental 
error the results were identical .thus indicating that if the Sep-Paks 
were washed in exactly the same way, with the same proportions of 
solvents, a consistent background signal for the whole system could 
be maintained. Completely blank traces were obtained for solvent 
washes of the !-dram vials and evaporation flasks; chromatogram 9. 
A blank evaporation of 500 Ul 1,2 dichloromethane and 5000 Ul 
hexane also produced a blank chromatogram (No.lO). In contrast, 
however, on taking new, dry (i.e. not methanol I ·water washed) 
C180DS Sep-Paks and passing through the above combination of sol-
vents, slightly enhanced background chromatograms were obtained 
(Nos. 7 and 8); subsequent re-extraction of the same Sep-Pak using 
1,2 dichloromethane I hexane produced no signal; see chromatogram 11. 
In all chromatograms the retention times of the components were within 
experimental error of each other. That the retention times of some 
of the components found in the blanks were the same as the analytes 
was a matter of some concern. However, further investigations 
carried out attempted to check each stage of the procedure for poss-
ible contamination. It should be noted that auto-contamination of 
the system was ruled out and the only source seemed to be the Sep-Pak 
interaction with dichloromethane I hexane mixture. Pre-treatment 
of the Sep-Pak with methanol I water reduced the signal a little 
compared with that obtained when only a dichloromethane I hexane mix-
ture was passed through. Obviously, as the solvent polarity was 
decreased, low polarity compounds were eluted from the low polarity 
C180DS stationary phase. All evidence collected pointed to residual 
low polarity compounds on the Sep-Pak, but in assuming this to be 
the case note should be made of the coincidental retention times of 
components. (See final discussion for comments on trace analysis 
requirements). 
20 fll extract from 11itre ultrapure water 
spiked with 45•6ng fluoranthene 
48·8 ng anthracene 
t 
I 
20;01 extract from 2nd 11. 
ultrapure water spiked with 
45·6rig fluoranthene 
48·8 ng a nth race ne 
38 
Standard 3ng 
Figure 5.13 (b) Chromatographic 
Conditions see Figure 5.13 (d), 
anthracene 
f luoranthene 
perylene 
I J 
28 
Std 
I , 
t 
I 
I 
Sep-Pak blank. 
5.2 
t 
System blank. 
9 
Figure 5.13 (c) 
5.1 Sep-Pak blank 
compare with 5, 5·2&6. 
t 
Sep-Pak blank. 
6 
Solvent blank. 
10 
t 
Chromatographic Conditions 
See Figure 5.13 (d) 
7:1,2- DC M I hex a ne 
wash of dry Sep- Pak. 
t 
8: Repeat of 7. 
I 
11: Further extraction of 7 & 8 using 
1,2-DCM /hexane. 
t 
Chromatographic condltlons:-
Z- Module ;U Porasll radial pack 
8% toluene g2% hexane 
R4 G 10 f 0·5. Flow-rate 0·95 ml mh11 
Bkgd. 93,000 c pm. 
Figure 5.13 (d) 
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5.20 Adsorption 
It is well known that analytical procedures operating at the 
ng ml-1 level and less require that stringent precauations be 
taken to minimise losses due to adsorption processes. The mode 
of sample bottle preparation has already been discussed; in this 
Section, results are presented for experime.nts designed to show 
any loss of PAH's on allowing water samples to stand in glass 
bottles. The experiments were conducted by taking 21 samples 
of ultra-pure water and spiking them with anthracene and fluoran-
thene at a level of 25 ng 1- (this level being comparable to 
that expected in real water samples). Freshly spiked samples 
were analysed and duplicate samples left to stand in the 
laboratory for 5 days. 
a loss of 22% + 3% over 
Figures for the results obtained showed 
this period. Repeat, identical experi-
ments confirmed these figures. 
5.21 Stainless Steel Cell 
The ACS cell was fabricated as a result of collaboration between 
Applied Chromatography Systems Limited (commercial manufacturer 
of BIF detectors), Amersham International and ourselves. The 
cell housed a 100 mCi 147Pm point source, prepared as described 
in Chapter 2; Figure 2.5 presents a schematic diagram of the 
cell and Plates 4 (a) (b) and (c) show exploded and assembled 
views of the cell. It will be noted from Figure 2.5 that the 
eluent impinges on the active area at an angle (nominally 88%) 
to the normal. This design was thought to enhance sensitivity.·· 
of detection by affording an improved flow-pattern within the 
cell, ensuring that the flowing liquid made contact with the · 
surface of the active source. The ACS cell was fitted with a 
new 147Pm source; the slug appeared to be tarnished but was used 
in that··condition when it gave a background of only 30,000 counts 
per minute. The chromatogram obtained is presented in Figure 
5.14 (a) and, as can be seen the relative intensity of the 
fluoranthene peak was reduced. In order to check that the low 
background was not due to quenching of the eluent fluorescence 
by oxygen, new eluent was prepared. 
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• ...,..fY~W of,~.C.S. Cell 
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92 
~·.'\.'Lb •• After cleaning the source 
91 
~.:!_4~ 
4ng A, F & P. 
Bkg, 30,175 
R 4 G20 f 0•5 
54 flow-rate 0·97 ml ml n·' 
85 
26 
24 
-~ .~~-~-
Bkg 78,000 
39 
32 
p 
87 
4 ng A, F & P 
42 
36 
5.14 b 
Bkg 80,300 
F 
A 
40 
36 
Figures 5.14 (a) and 5.14 (b) 
ACS Cell with new 100 mCi Source (a) in 
"Tarnished" State and (b) After Cleaning, 
Bkg 80,900 
R4 G10 f0·5 
41 
35 
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The new eluent gave a background count of 60,000, this still being 
lower than the usual figure of about 100,000 c.p.m. On checking 
the promethium source it appeared to have discoloured further. It 
was therefore removed from the cell and quickly and gently wiped 
with a tissue soaked in 0.5M NH40H. This procedure removed the 
discolouration; subsequent chromatograms obtained for 4 ng quan-
tities of anthracene, fluoranthene and perylene using the ACS cell 
are shown in Figure 5.14 (b). Comparison of these chromatograms 
with others for 4 ng of the standard mixture, using the old tube 
cell, indicated that not only was the fluoranthene sensitivity 
decreased but also increases in the sensitivities for anthracene 
and perylene were observed. Figure 5.14 (c) illustrates this 
point and Table 5.16 lists the results obtained when a comparison 
of the two cells was made. 
In an attempt to interpret these results we assumed that self-
absorption effects were reduced with the ACS cell. The distance 
between the radioactive source and the cell window was ea. 0.5 mm 
giving an active volume of ea. 5 mm3 , so that liquid samples could 
be regarded as thin samples. The unequal effects on the individual 
components reflect the magnitude of their Stokes loss i.e. 
anthracene 
fluoranthene 
perylene 
960 cm- 1 
3970 cm- 1 
1330 cm- 1 
Fluoranthene, possessing a large Stokes shift, does not suffer (as 
do anthracene and perylene) from an overlap of its absorption and 
emission spectra, see Figures 5.15 (a) (b) and (c). Such absorp-
tion and fluorescence spectral overlap can result in self-absorp-
tion of the high-energy end of the fluorescence band by the low-
energy end of the absorption band, 79 We suggest that our BIF 
detector helps reduce some of these effects. Figures 5.16 (a) and 
(b) compare spectra obtained using a conventional fluorimeter and 
a BIF detector. 
'. 
Sample: 4,.ul of 1ppm anthracene, fluoranthene & perylene. 
Column: Waters i!! Module,;u- Porasil cartridge, 
Eluent: a% to I uene 92% hexane. 
Flow- rate 0·95ml mln"1 , 
Background as Indicated. 
R 4 G10 fO•S 
Bkg. 107,900 cpm. 
73 74 
70 Bkg, 78,000 cpm. 
52 
50 
42 
20 21 
20 
Figure 5.14 (c) Illustration of Self-absorption Effects. 
Chromatograms Obtained for a Sample Containing 4ng Each of 
A, F & P Using the Old Cell; Compare these with 5.14 (b) 
Where the ACS Cell is Used. 
Table 5.16 
Sensitiviti ComEarison Between Old 
Tube Cell (0) and New ACS Cell (N) 
Cell Background 
.!!.& A/mm F/mm P/mm Da! 
. CEm 
0 110,000 4 20 51 75 1 
0 19 51 75 
0 21 52 77 
0 21 53 77 
0 19 RSD 46 RSD 65 RSD 
0 19 7.4% 46 7.6% 64 8.9% 
0 106,800 4 23 57 84 2 
0 23 58 84 
0 107,900 4 20 so 74 
20 52 73 
N 30,175 4 24 26 54 3 
N 21 25 51 
N 21 23 so 
Cleaning Procedure 
N 80,900 4 35 42 91 3 
N 36 42 92 
N 80,300 4 36 RSD 40 RSD 87 RSD 4 
N 78,000 4 32 4.9% 39 4.0% 85 3.3% 
N 81,600 4 36 43 88 
0 78,000 4 21 42 70 4 
Reflector and Cell Position Altered 
0 110,700 4 14 38 so 4 
0 15 38 so 
Further Adjustment 
0 4 21 49 80 4 
Figure 5.15 (a) 
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Figure .5.15 (a) Absorption (broken line) and Emission (solid line) 
Spectra of Fluoranthene in Cyclohexane. 
Figure 5.15 (b) Absorption (broken line) and Emission (sold line) 
Spectra of Anthracene in Cyclohexane._ 
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Figure 5.15 (c) Absorption (broken line) and Emission 
(solid line) Spectra of Perylene in (i) Benzene 
(ii) Cyclohexane. 
( i ) 
s1o 590 1. nm 
600 
?:'lOO 
·a 
• 
. "§ 
• > ·~ 200. 
e 
0 
JOO J40 
' 
'• : ~ 
. 
' 
JBO 
wavelength/nm 
420 460 500 
Figure 5.16 (a) BIF Spectrum and Conventional Fluorescence 
Spectrum for Anthracene. The Conventional Spectrum (broken 
line) is Taken from Ref. 44. 
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wavelength/nm 
(a) BIF Spectrum (---), conventional Fluor-
escence Spectrum (---) and uv Absorption Spectrum (---- -) 
Recorded for Perylene (ea. 0.1 mmol dm- 3 ). The BIF Spectrum 
was Recorded for a Solvent Consisting of 90% Hexane 10% Toluene. 
The Other Spectra are taken from Ref. 44. 
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5.22 Analysis of Tap Water 
At this point in the project the method of analysis was attempted 
for tap-water samples (King's College Chemistry Department is supplied 
by separate tap-water and drinking water systems, tap-water being 
supplied from a roof storage tank with an estimated turnover rate of 
approximately 48 hours). 
Table 5.17 lists the results obtained,in the initial stages. The 
high figure for Sample 2 may be due to leaching of the.water supply 
pipes as further samples gave lower values. In an attempt to improve 
the sampling a 5 litre quantity of water was collected and 5 x 1 litre 
samples taken from this reservoir. Again one sample (No. 10) gave a 
figure higher than the average for anthracene; even so the reproduci-
bility was acceptable. In order to check the components in the tap-
water chromatograms, small quantities of anthracene, fluoranthene 
and perylene were added to different portions of the tap-water extracts. 
Figure 5.17 shows the chromatograms obtained in this experiment. 
Development of the method continued with 4 - 5 litre samples being 
taken; a blank run was preformed on a sample from this reservoir and 
the remaining sample spiked with anthracene and fluoranthene at 
ea. SO ngl- 1 • Three or four replicate analyses were then performed. 
Table 5.18 lists some of the results obtained {sample numbers with a 
prime ( 1 ) denote a second wash of the evaporation flask). A program 
in BASIC was used to calculate the error in each measurement. As the 
total error was a cumulative error containing contributions from 
both the standard and sample the following formulae were used:-
Standard combination of errors - if two quantities A and B, 
each with its own error limits, say+ a and ± b respectively, 
the error limits for the combined quantities are as follows 
(A + a) + (B + b) = (A + B) + (a2 + b2)! 
(A + a) x (B + b) = (A x B) + (a2B2 + A2b2)! 
A + a A a2B2 + A2b2 ! 
= + B + b B B4 . 
5.1 
Table 5.17 
Tap-Water Samples Analysis per li 
No Comments Anthracene Fluoranthene Perylene Sample 
/ng i- 1 /ng i- 1 /ng t- 1 Size 
1 day 1 22 15 2.5 2i 
2 61 24 9 1JI, 
3 sequential day 2 20 8 1JI, 
4 sampling 15 7 4 1JI, 
5 18.5 7.5 2 2i 
6 sequential ,,, 3 [ 33 18 6 1JI, 
7 sampling 35 17' 5 1JI, 
8 33 RSD 16 RSD 6.5 1JI, 
9 day 4 37 6% 16 9% 6.5 1JI, 
10 5 sample 72 19 7 1JI, 
11 32 14 7 1JI, 
12 37 17 8 1JI, 
13 day 5 29 11 3 1JI, 
All groups of samples were taken on different days. 
34 
a 
19 
52 
b 
41 
c 
13 
19 
15 
b a 
Extract spiked with anthracene 
Peak (a) 
Extract spiked with fluoranthene 
Peak (b) 
Extract spiked with perylene 
Peak (c) 
·Figure 5.17 Chromatograms Obtained when Tap-Water Extract 
was Spiked to Verify Retention Volumes of Individual Components. 
Table 5.18 
Tap-Water Analyses Using Standard Additions Method 
Anthracene Error Fluoranthene Error Perylene Error Sample No Comments l.EiJ2 /ng 11.-1 /ng t-! Size 
lA [ 29 + 6.7 10.5 + 2.2 3.1 + 1.6 u. lA 1 Blank 
lB 45.5 + 8.3 36.0 + 2.8 5.2 + 1.6 it 
lB 1 2.6 + 1.6 
lC 4t sample 54.5 + 9.2 41.4 + 3.0 4.7 + 1.6 It 
lC 1 7.0 8.0 
lD 45~5 + 8.3 35.8 + 2.8 5.2 + 1.6 u. 
lD 1 9.0 8.0 
2A [ 35.4 + 6.1 14.6 + 2.0 5.2 + 1.4 lJI. Blank -2A 1 
2B 43.0 + 6.8 35.6 + 2.5 7.5 + 1.4 It 
2B 1 4R. sample 7.7 + 4.7 6.3 + 1.9 
2C 49.2 + 7.3 40.6 + 2.7 7.5 .+ 1.4 it 
2C1 10.8 ± 4.8 7.6 ± 1.9 
2D 43.1 + 6.8 39.4 + 2.7 8.9 . + 1.4 It 
2D1 
-
3A ( 36.7 + 6.8 14.2 ± 2.0 5.8 ± 1.5 u 3A 1 Blank 
3B 40.0 + 7.1 34.0 + 2.5 7.2 + 1.5 u 
3B1 4t sample 8.3 + 5.0 5.2 ± 2.0 
3C 53.3 ± 8.3 41.3 ± 2.8 8.7 ± 1.5 It 
3C1 5.0 ± 5.0 3.9 ± 2.0 
3D 50.0 ± 8.0 36.8 ± 2.6 8.2 ± 1.5 lt 
3D1 5.0 + 5.0 4.0 ± 2.0 
Using x = standard peak height for 4 ng of standard 
+ 3mm measurement error 
y = measured peak height of analyte ± 3mm 
The following progra~ was written for a Sharp programmable 
pocket calculator. 
10 REM SM'S ERROR ADDITION PROG 
11 PRINT"" 
12 DEF FN RN(X)=INT(X*100)/100 
20 X=36:REM PEAK HEIGHT FOR 4 NG 
30 INPUT"MEASURED PEAK HEIGHT = ";Y 
40 Z=9*Y*Y+9*X*X:Z=16*Z/(XA4) 
50 Z=SQR(Z) 
60 PRINT''MASS DETECTED ";FN RN(4*Y/X);" +/- ";FN RN(Z) 
70 PRINT 
90 GOT030 
READY. 
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Table 5.18 (b) lists the results for a duplicate analysis of the 
extracts from run 3 (Table 5.18); these results were obtained using 
a different photomultiplier tube and the improved sensitivity can 
be seen. 
5.23 Analysis of Drinking Water Samples 
In an attempt to improve the results, experiments were carried out 
with a new filtration system, the M.F.S. filter which incorporated 
regenerated cellulose membranes and resulted in reduction of the 
filtration rates. 
A further modification made at this stage in the method development 
was that of sealing the top end of the air-bleed tubes used in the 
evaporation stage; it had been observed that a faster rate of evapo-
ration was possible when this was done. An additional change was 
the increase from 100 ~1 to 200 ~1 of hexane used fortheextraction 
of the evaporation flask; the subsequent wash was then performed 
as usual. 
Table 5,18 (b) 
New Photomultiplier Tube 
No. Comments Anthracene Error 
Fluoranthene Error Per:z:lene Error Sample f.ELR.-1 /ng 9., I /ng 9., 1 Size 
3A [ 45.0 + 4.5 17.3 + 1.3 7.4 + 0.9 19., 3A 1 Blank 7.0 + 3.0 3.5 + 1.2 
3B 48.0 + 4.7 36.1 + 1.6 8.9 + 1.0 19., 
3B 1 4 7.0 + 3.0 5.5 + 1.2 
3C 55.0 + 5.1 41.6 + 1. 7 9.8 + 1.0 19., 
Sample 
3C 1 6.0 + 3.0 5.5 + 1.2 
3D 53.0 + 5.0 38.8 + 1.6 8.3 + 0.9 19., 
3D 1 
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It was mentioned previously that drinking water fountains are pro-
vided in the College - samples were collected from such a fountain 
in 5 litre quantities to minimize errors due to sampling variation. 
In the first run the analysis was performed in triplicate, a fourth 
sample was then analysed after·standing overnight in the reservoir. 
A second 5 litre sample was collected and divided as follows:-
(a) 2 Litres of the drinking water were poured into a pre-treated 
Winchester and spiked with anthracene and fluoranthene. 
(b) 1 Litre of the water was placed in a second pre-treated 
Winchester and spiked as in (a). 
(c) 2 Litres of the water were left in the reservoir. 
The 9 x 1 litre samples of raw. and spiked drinking water were pumped 
through their individual pre-washed Sep-Paks. Each Pak was eluted 
with 1000 ~1 CH2Cl2 then 4000 ~1 hexane, the eluate slowly filtering 
through the dry sodium sulphate 
membrane in the M.F.S. filter. 
retained by the regenerated cellulose 
Table 5.19 lists the results for 
these runs and Figure 5.18 shows typical chromatograms for raw tap-
water and drinking water samples together with comparable samples 
after spikes were added. It can be seen from Tables 5.18 and 5.19 
that the percentage recoveries differed for different compounds. 
Having used a standard addition technique for the analytes, it was 
apparent that anthracene suffered greater losses (either physical, 
chemical or a combination of both) than did fluoranthene. Some 
aspects of the chemical and photophysico-differences have been 
discussed together with their effects on fluorescence properties. 
Reference has also been made to the relative polarity of the analytes 
which will undoubtedly affect extraction procedures and chromato-
graphic separations. 
From the results it could be seen that only 30 - 40% of the anthracene 
spikes were recovered compared with 60 - 70% recoveries obtained for 
fluoranthene. Experiments were, therefore, devised to locate areas 
where losses were occurring. 
A 5 litre sample of drinking water was analysed as follows:-
Table 5.19 
Analysis of Drinking Water Samples 
No Comments Anthracene Error Fluoranthene Error Perylene Error Sample /ng R, -I /ng R,-1 /ng R, -I Size 
1 AD All 38.0 + 4.1 13.5 + 1.3 3.9 + 0.9 lR, 
1 AD1 four 8.0 + 3.1 3.2 + 1.2 
1 BD ·blanks 26.0 + 3.6 9.5 + 1.2 2.4 + 0.9 lR, 
1 BD1 
1 CD SR. 49.0 + 4.7 14.3 + 1.3 3.6 + 0.9 lR. 
1 CD1 sample 
1 DD stood 41.0 + 4.3 12.7 + 1.2 2.4 + 0.9 u 
1 DD1 overnight 
2AD 36.0 + 4.0 11.0 + 1.3 2.8 + 0.9 u 
2 AD1 2R. 5.0 + 3.0 2.0 + 1.2 
2 BD blanks 44.0 + 4.5 12.0 + 1.3 4.4 + 1.0 u 
2 BD1 7.0 + 3.0 3.0 + 1.2 
2 CD 49.0 + 4.7 36.0 + 1.6 3.8 + 0.9 lR, 
2 CD1 H 5.0 + 3.0 4.0 + 1.2 
2 DD spiked 51.0 + 4.9 38.0 + 1.7 3.0 + 0.9 u 
2 DD1 7.0 + 3.0 6.0 + 1.2 
2 ED u 54.0 + 5.0 44.0 ± 1.8 5.0 ± 1.0 u 
2 ED1 spiked 7.0 + 3.0 4.0 + 1.2 
1; Tap water sample 3; Drinking water sample 
A: 36•0± 4•0 ngl 
•1 
F=11·0 ± 1•3 ng I •1 
P: 7•4.:!: 0·9 ngl ·1 + ·1 P:2•B - 0•9 ng I 
2; Tap water sample plus spikes= 4; Drinking water plus spikes= 
·1 48•8 ng I anthracene ·1 48·8 ng I anthracene 
•1 
45•6 ng I fluoranthene 
•1 
45·6 ng I fluoranthene 
+ ·1 A: 53•0- 5·0 ng I + 
. ·1 
A : 54·0- 5•0 ng I 
·1 
F:3B•B ± 1•6 ngl 
+ ·1 p = 8·3 _ 0•9 ng 1 + •1 P= 5•0-1·0ngl 
Figure 5,18 Chromatograms of Extracts Obtained from 
Raw and Spiked Samples of Both Tap-Water and Drinking Water. 
1~ through Sep-Pak 
2~ + 2 x spike 
/'· 
(D)~ 
2~ + 2 x spi~e 
_,/ ' .. 
• (C) 
/.. -.............. , 
(B)~ 1A) 
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(F) blank 
Each identical 1 litre of water was pumped at high speed through the 
Sep-Pak, pump setting = 900. All five Sep-Paks were eluted in the 
usual way; F, D and B eluates were dried by passage through a sodium 
sulphate filter. All samples were evaporated to dryness but (A) was 
lost at this stage. Residues were extracted into 200 Ill of hexane 
and 20 Ill aliquots chromatographed on the 6 Module ll-Porasil cartridge 
using an eluent of 8% toluene/92% hexane. Table 5.20 lists the re-. 
sults obtained and the observations made were: 
(1) Band D gave the same result, as expected. 
(2) It appeared that the "loss" of anthracene was due to water 
present in the unfiltered eluate (C). 
(3) The recoveries of anthracene and fluoranthene in B and D 
were 51 and 59%, respectively, with this falling to 51% 
for fluoranthene together with apparent total loss of the 
anthracene spike in the unfiltered sample C. 
Determinations of the percentage recoveries of anthracene and fluoran-
thene from direct loadings of the ODS Sep-Paks were carried out in 
the following way: 
Two Sep-Paks were taken, one was left dry as received and was loaded 
directly with 45.6 ng fluoranthene and 48.8 ng of anthracene as a 
methanolic solution. This Sep-Pak was eluted in the usual way with 
500 Ill of dichloromethane followed by 5000 Ill of hexane the eluate 
then being evaporated to dryness (Sb). The second Sep-Pak was washed 
with 2000 Ill of methanol then 5000 Ill of ultra pure water after which 
direct loading, elution and evaporation were carried out as above (Sa). 
Note that for these two runs the sodium sulphate filter was not used; 
this resulted in ultra pure water being eluted along with the dichloro-
No 
F 
Fl 
D 
Dl 
c 
cl 
B 
Bl 
Table 5.20 
Results Obtained for Drinking Water Samples 
Comments Anthracene Total Fluoranthene /ng Jl. 1 /ng Jl. 1 
Blank 52.3 19.6 
Filtered 5.0 57.3 1.7 
Spiked 69.7 41.3 
Filtered 12.3 82.0 7.0 
Spiked 46.0 35.6 
Unfiltered 10.0 56.0 8.0 
Spiked 67.0 39.0 
Filtered 15.4 82.0 8.7 
Spiked sample -: blank 25.0 
Anthracene recovered 51% 
Fluoranthene recovered 59% 
Unfiltered sample fluoranthene recovery 51% 
Drinking water sample results 
Anthracene = 118 ng Jl.-1 
corrected for efficiency of analysis 
Fluoranthene = 78 ng Jl,-1 
Total 
21.3 
48.0 
44.0 
48.0 
27.0 
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methane/hexane. A duplicate experiment was carried out using the 
filter so that a comparison could be made i.e., 
(Se): Sample loaded onto MeOH/UPW- treated Sep-Pak; 
(Sd): Sample loaded onto dry Sep-Pak: 
Elution of both with 500 ul dichloromethane + 5000 ul hexane was 
followed by the passage of the eluates through a bed of dry sodium 
sulphate held on a regenerated cellulose membrane; each sample was 
then evaporated to dryness. The four residues were taken up in 
200 ul of hexane and the flasks washed with a further aliquot of 
hexane. Table 5.21 lists the results obtained. 
The effect of a "wet" eluate on the recovery figures, particularly 
those of anthracene, can clearly be seen for run Sa. Presumably 
partitioning of the anthracene between the immiscible solvents occurs 
and during subsequent chromatography the more polar aqueous phase 
becomes strongly attached to the column stationary phase, retaining 
the anthracene with it. Results obtained with Se show the marked 
improvement when the sodium sulphate filter is used. Again we see 
artifact contributions to the recorded'signal. 
Similar problems were encountered 78 when XAD resins were used to 
concentrate organic compounds from water. As the resin beds are 
prepared from a methanol slurry the authors concluded that any resi-
dual methanol would release heat on dissolution in the water, causing 
disruption of the resin bed and release of spurious compounds. In 
the same paper the authors also suggest that interaction of dichloro-
methane (or impurities therein) with chlorinated water samples leads . 
to the formation of halogenated methyl butenes. Obviously, such 
compounds, if present in our particular system, would lead to loss 
of reproducibility due to their acting as quenching impurities. 
Other possible areas of irreproducibility included the process of 
pumping water samples through the Sep-Paks. Experiments were con-
ducted to investigate the effect of pumping speed on the retention 
of anthracene and fluoranthene by a Sep-Pak. A 5 litre sample of 
drinking water was collected and 2 litre quantities were transferred 
to 2 pre-treated Winchesters. One 2 litre sample was left as a blank 
Table 5.21 
. Experiments to Determine % Recovery for Direct Loading of Sep-Pak 
Spike:- 45.6 ng fluoranthene 48.8 ng anthracene 
No Comments Anthracene Error % Recovery Fluoranthene Error % Recovery 
.!!B. .!!B. 
Sa Washed S.P. 13.0 + 3.4 26.6 37.5 + 1.7 82.2 
. 26.6 95.9 
Sa1 Unfiltered 6.25 + 1.3 13.7 
Sb Dry S.P. 59.5 + 5.8 121.9 54.6 + 2.1 119.7 
139.5 134.3 
Sb 1 Unfiltered 8.6 + 3.3 17.6 6.7 + 1.3 14.6 
Se Washed S.P. 62.7 + 6.0 128.5 56.0 + 2.1 122.8 
146.1 140.1 
, 
Sc1 Filtered 8.6 + 3.3 17.6 7.9 + 1.3 17.3 
Sd Dry S.P. 55.0 + 5.5 112.7 53.0 + 2.0 116.2 
129.1 133.7 
Sd1 Filtered 8.0 + 2.7 16.4 8.0 + 1.2 17.5 
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and the second was spiked with anthracene at 48.8 ng 1-1 and fluoran-
thene at 45.6 ng 1- 1 • Four new ODS C18 Sep-Paks were taken and 
labelled I, II, Ill, IV; each was washed with 2000 ul MeOH followed 
by 5000 ul of ultra pure water. The procedure followed was: 
I - 1 litre of drinking water was pumped at pump setting 600, 
time taken 11 minutes. 
II - 1 litre of drinking water was pumped at pump setting 100, 
time taken 62 minutes. 
Ill - 1 litre of spiked sample was pumped at pump setting 600, 
time taken 12 minutes. 
IV - 1 litre of spiked sample was pumped at pump setting lOO, 
time taken 63 minutes •. 
The samples were then treated in the usual way and 20 ul injections 
of the 200 Ul extract analysed. Table 5.22 lists the results ob-
tained. 
As expected, losses occurred at the slower pumping speed with the 
effect being greater in the case of anthracene. These results are 
in agreement with other findings 80 and support the .conclusion that 
at levels of ea. 50 ng 1-1 the analytes are subject to losses due 
to adsorption effects. 
In order to investigate more fully the effect of water on the analy-
sis, experiments were conducted to see how the presence of water 
altered analyte recovery at the evaporation stage. Evaporation 
flasks were loaded with 500 Ul CH2Cl 2 and SOOOul hexane and each 
flask was spiked with 45.6 ng fluoranthene and 48.8 ng of anthracene; 
half of the samples were further dosed with 5 ml quantities of ultra 
pure water. All solutions were evaporated to dryness and the residue 
redissolved in 200 ul hexane, 20 ul of which were chromatographed. 
Standard solutions of anthracene and fluoranthene were chromatographed 
alongside the samples. Figures for the recovery of both anthracene 
and fluoranthene, in the presence of water, were calculated based on 
the efficiency with which the "dry" samples were recovered. The 
following figures were obtained: 
52.5% anthracene 
83.0% fluoranthene ) recovered for the evaporation stage in the presence of water. 
Table 5.22 
Effect of Pumping Speed on Losses due to Adsorption 
Pum2ing Anthracene Average Fluoranthene 
Average 
No Sample Anthracene Fluoranthene Speed ng R,-1 ng R,-1 ng R. -1 ng R, -1 
I Fast Blank 49.5 53.0 51.3 19.2 20.0 19.6 
Ill Fast Spiked 69.8 80.9 75.4 44.6 48.1 46.4 
24.1 26.8 
II Slow Blank 47.6 46.5 47.1 16.2 15.7 16.0 
IV Slow Spiked 48.3 48.3 34.6 34.6 
1.2 18.6 
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In a further attempt to improve recovery figures, the use of calcium 
chloride as a drying agent was investigated. 
Before this was done, a change to the Prototype instrument was made. 
The system was set up using a u-Porasil Radial Pak cartridge, an 
eluent of 8% toluene/92% hexane, the new ACS pump and the Prototype 
detector. 
Results for repeats of the above experiment plus the results obtained 
when a calcium chloride drying bed was used are listed in Table 5.23. 
It was noted that a third peak had appeared in chromatograms 3D and 
4D. (For further discussion see page 109). 
In performing the previous sets of experiments small quantities of 
water had been introduced onto the U-Porasil cartridge. The conse-
quence of this was a closing-up and loss of resolution of the peaks 
in the chromatogram, see Figure 5.19 (a). An eluent of 1% acetonitrile 
in 99% toluene was passed through the cartridge and Figure 5.19 (b) 
shows that this did not produce any improvement in the separation of 
the anthracence, fluoranthene and perylene. Regeneration of the 
column was carried out. This involves the sequential passage through 
the cartridge of dichloromethane, methanol, water, methanol, dichloro-
methane then 1% acetonitrile/99% toluene. The required resolution 
was still not obtained, Figure 5.19 (c), so the cartridge was removed 
and the Waters 20 cm u-Porasil stainless steel column attached to 
the chromatograph; Figure 5.19 (d) shows the subsequent resolution 
together with the limits of detection which were obtained. 
After the samples had been left to stand for two days they were re-
analysed and showed certain changes in the chromatograms. On com-
paring the chromatograms for the four samples, Figure 5.20, it. is 
quite obvious that resolution is impaired in the presence of water, 
see 4B and 4D. In addition to this problem we observed a third 
component in the chromatograms of 3D and 4D. It was assumed that 
the water present in the extract had, in some way~ introduced this 
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new component. Reference has already been made· · to the possible 
interaction of dichloromethane with chlorinated water samples. 
Table 5.23 
Recoveries Obtained Using CaCl2 as the Drying Agent 
No Solvent Spike Water Conditions 
% Recover:z: % Recover:z: 
Anthracene Fluoranthene 
lA no filter 107.4 116.0 
1B 5ul no filter 70.7 87.7 
lC CaC1 2 filter 79.1 97.1 
1D 5 1.11 CaC1 2 filter 56.6 76.8 
2A 500 1.11 48.8 ng dry membrane 58.6 89.7 
2B CH2Cl2 anthracene 5 1.11 dry membrane 34.8 82.0 
2C + + CaC1 2 filter 79.9 101.5 
2D 5000 1.11 45.6 ng 5 1.11 CaC1 2 filter. 95.3 114.5 
3A hexane fluor an- washed membrane 57.4 93.2 Washed with CH2Cl2 
3B in each the ne in 5 1.11 washed membrane 65.6 97.8 
3C run each CaC1 2 filter 47.1 87.7 Slight bumping H20 at 
3D flask. 5 u1 CaC1 2 . filter 77.9 92.3 
evap. stage. Membranes 
& CaC1 2 washed with CH2C~-. 
4A washed membrane 53.0 67.0 Membranes washed 
4B 5 1.11 washed membrane 82.0 82.0 with CH2Cl2 
4C CaC1 2 filter 49.0 67.0 CaC1 2 !!.2l washed 
4D 5 u1 . CaCl~ filter 82.0 102.0 with CH 2Cl2 
L.O.D. 
A= 800 pg 
F: 300 pg 
p = 195 pg 
Sample; 4 ng each of A, F and P 
• •• Flow rate; 1•2 ml mm ; R,256; G,10;f,0·5 
After regeneration 
of column 
(c) (c) ' 
· Change to 20 cm 11 Porasil 
stainless steel column 
(d) 
After passage of 
1% CH3 CN- 99°/0 
toluene 
(b) (a) 
(d) 
Figure 5.19 Chromatograms Showing the Effect of a "Wet" Column on Separations. 
Figure 5.20 Effect of Water on Chromatographic Resolution. 
48 4A 
40 4C 
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A similar phenomenon had occurred four months previously, and had, 
at that time .been investigated; for these results and discussion 
see page 98. 
The introduction of a drying agent had seemed to control the initial 
problem but the recurrence of what appeared to be something similar 
suggested that sodium sulphate was a better drying agent than calcium 
chloride, and that the action of the sodium sulphate protected the 
columns from contamination by traces of water. The persistance of 
the third peak in 4D, after column exchange was probably due to 
some hydrolysis or chlorination product. It is conceivable that the 
two effects are related in that when "wet" samples are chromatographed, 
build-up of water on the column subsequently interacts with freshly 
prepared samples. 
An attempt was made to identify this third peak by taking sample 4D' 
and chromatographingit before and after the addition to the sample of 
a solution containing 10 ng of perylene; Figure 5.21 shows the chroma-
tograms obtained. The conclusions drawn at this stage were that the 
mystery peak had a retention volume comparable to perylene and that it 
only occurred when both water and a calcium chloride filter were 
present, leading the author to suggest that the third peak may be due 
to some chlorinated polynuclear aromatic hydrocarbon formed from 
chlorine in the water. Experiments were, therefore, carried out 
comparing the ·use of calcium chloride and sodium sulphate as drying 
agents. Table 5.24 shows typical results obtained, and quite clearly 
the use of a drying agent enhances recovery, sodium suphate being 
the preferred agent. 
The effect of time on recovery (hydrolysis) figures was investigated 
by allowing samples to stand "wet" before passage through the drying 
filter. Such results indicated that anthracene was affected by 
water to a greater extent than was fluoranthene. 
Results in Table 5.25, where sodium sulphate was used as· the drying 
agent, indicate that as the amount of water present increases, so the 
percentage recovery apparently decreases; again the effect is seen 
only with anthracene. This difference between anthracene and fluoran-
thene is probably a reflection of their individual sensitivities to 
147 
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3 
15 
52 
Std. 
4ngA,F&P, 
158 
40 
59 
54 
Figures denote retention times 
27 
20 1 
40 
+ perylene 
17·5 
162 
40 
61 
55 
20 
401 
27 17·5 
Figure 5.21 Attempt to Identify Third Peak in Chromatogram. 
Sample 
No 
A 
B 
c 
D 
Table 5.24 
A Comparison of Sodium Sulphate and Calcium Chloride as Drying Agents 
Spike 
48.8 ng 
Anthracene 
48.8 ng 
Anthracene 
48.8 ng 
Anthracene 
48.8 ng 
Anthracene 
Water 
5 JJl 
5 Ill 
5 Ill 
5 JJl 
Comments Filter 
Spiked blank Unfiltered 
After standing Na2SO, 
spiked with washed with 
45.6 ng Fluor. CH2Cl2 
CaC1 2 
% Recovery 
Anthracene 
79.3 
20.5 
40.2 
100.4 
% Recovery 
Fluoranthene 
70.4 
Table 5.25 
Relationship Between Sample Water Content and % Recovery of Spike 
No Spike Water Filter 
% Recovery % Recovery 
Anthracene Fluoranthene 
6A Anthracene and 5 Ill Na2 S04 68.0 80,0 
Fluoranthene CH2 Ch washed 
6A 11 11 
11 65.0 90.0 
6B 11 11 
11 74.0 93.0 
6B 11 11 11 80.0 100.0 
6C 11 11 11 84.0 98.0 
6C 11 11 11 80.0 96.0 
6D 11 10 !Jl 11 74.0 89.0 
6D 11 11 11 65.0 95.0 
7A 11 11 
11 58.2 93.9 
7B 11 11 11 65.0 95.4 
7C 11 11 
11 69.3 104.8 
7D 11 11 11 52.7 81.0 
8A 11 11 11 83.0 100.9 
8B 11 11 11 50.6 79.6 
8C 11 11 11 77.9 98.0 
8D 11 11 11 104.9 114.0 
For all these samples 
" 
10% more was found in the second residue extraction. 
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fluorescence quenching by water. Indeed, our interpretation of the 
phenomenon was becoming one of a photochemical problem rather than 
a chromatographic separation one. Subsequent work with BIF spectro-
metry has investigated further the effect of trace quantities of 
water on the signals obtained with BIF. Such results have shown that, 
not only is the presence of minute traces of water (<10ppm) 
responsible for quenching, but that such effects are probably of 
even greater significance than quenching due to oxygen, a problem 
already overcome and detailed earlier in this report. 
5.24 Summary of the Analytical Method for Water Samples 
The method development work detailed in this Chapter led to an analy-
tically acceptable technique for polynuclear aromatic hydrocarbon 
determination in waters of varying quality. It was also shown that 
when the method is used in conjunction with S-induced fluorescence 
detection, such compounds can be quantitatively monitored at levels 
of ng 1-1 • The analytical procedure was developed in such a way that 
errors could be kept to a minimum and areas where variance could occur 
were pin-pointed and discussed. We believe that this analytical method 
in its final form as detailed below, provides the basis of a cheap, 
simple, fast and reliable way of determining PAH's in water. 
Apparatus A prototype BIF detector, fitted with lmCi 147Pm point 
source was attached to h.p.l.c. equipment consisting of the following 
elements:-
(1) A solvent deoxygenation rig, as described in Section 3.1; 
(2) A pump Model 504 Applied Chromatography Systems Ltd., see 
Section 2.4 (b); 
(3) u-Porasil columns as supplied by Waters Associates (UK) Ltd., 
see Section 2.4 (c); 
(4)' Eluents and standards supplied by Fisons Ltd., see Section 2.4 (d); 
(5) A high pressure sample injection valve, Rheodyne Model 7125 plus 
Hamilton u-syringes, see Section 2.4 (e); 
(6) A flow monitor Model FL050A Phase Separations Ltd., see 
Section 2.4 (f); 
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(7) A recording unit, RE571 Servo-Scribe -2S linear recorder, see 
Section 2.4 (g), 
The non-chromatographic equipment included:-
(a) A pre-treated sample reservoir, see Section page 89; 
(b) GF/C glass fibre filter papers supplied by Whatmans; 
(c) A Watson Marlow peristaltic pump, Model 502S; 
(d) C1s ODS Sep-Pak cartridges, supplied by Water Associates Ltd; 
(e) A microfiltration system incorporating regenerated cellulose 
membranes; 
(f) A mini evaporation rig, see Plate 3. 
(g) A rotary vacuum pump. 
Chemicals and Reagents 
(i) The anhydrous sodium sulphate used was dried in an oven @ 150°C 
and stored in a desiccator until required. 
(ii) Standard solutions of anthracene, fluoranthene and perylene 
were prepared in h.p.l.c. grade methanol. 
(iii) The helium gas used for degassing solvents was supplied by 
B.O.C. Limited. 
Method 
The chromatograph and detector were set up as described in Sections 2.3 
and 2.4, the water sample previously having been collected in pre-
treated containers, see Section 5.8 (ii). One litre samples taken 
from these containers were filtered through GF/C glass fibre filter 
papers immediately prior to study and half the samples spiked with 
approximately 50 ng 1-1 of anthracene and fluoranthene in methanol. 
An aliquot of the spiking solution should always be chromatographed 
at some time during the experiment so that a direct comparison of the 
amount recovered with the amount added to the water can be made. 
The 1 litre samples of both raw and spiked water were then pumped through 
pre-treated C18 ODS Sep-Paks using the Watson Marlow pump, the pump 
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having previously been primed to help eliminate losses due to adsorp-
tion. The pre-treatment of C1e ODS Sep-Paks was carried out by 
attaching the longer end of the Pak to the Luer-fitting of a 5 cm 3 
glass syringe filled with methanol and the solvent gently flushed 
through the Pak; the process was then repeated using a 5 cm 3 aliquot 
of ultrapure water. 
After the passage of the raw and spiked water samples through the 
individual Sep-Paks, the latter were carefully dried with a tissue 
to remove any excess of water. 
Elution. Each Sep-Pak was eluted by the passage of five consecutive 
100 U1 aliquots of dichloromethane followed by 5000 ~1 of hexane and 
the eluate allowed to flow through a drying bed of anhydrous sodium 
sulphate supported on a dichloromethane washed, regenerated cellulose 
membrane held by the M.F.S. filter. The dried eluate was collected 
in a clean, dry, two-necked flask (see Plate 3 ), an air-bleed tube 
inserted and the flask attached to the evaporation rig. Carefully 
controlled evaporation 
using the vacuum pump. 
into the dry flask via 
to dryness 9f the extracts was carried out 
Two 100 ~1 quantities of hexane were passed 
the air-bleed tube and the flask washed to 
redissolve the residues. The resulting solution was removed by syringe 
from the flask to a sample vial and theflaskre-washed with a second 
200 ~1 quantitiy of hexane; 20 ~1 aliquots of both the extract and wash 
were then chromatographed along with standard solutions containing 
amounts of anthracene and fluoranthene comparable to those expected 
to be present in the samples. Measurement of peak heights for a known 
amount of standard allows calculation of percentage recovery figures 
from the analysis of the spiking solution and the amounts recovered. 
Application of these figures to the results for the raw water samples 
makes it possible to determine the levels at which the analytes were 
present in the water samples. 
The considerable advantages offered by this analytical method include: 
(1) On-site sample collection by untrained personnel; 
(2) Complete removal of any cumbersome and costly sample trans-
portation from site to laboratory; 
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(3) The sampling and pre-concentration can be carried out in one 
stage; 
(4) Simple sample handling which could easily lead to automated 
analysis; 
(5) If sample analysis were, so automated, then the whole system 
would provide a "clean" and safe method for analysing poten-
tially carcinogenic materials. 
Thus the use of BIF has opened up a new area of fluorescence detection 
by alerting commercial manufacturers to new, more stable sources of 
excitation energy. The particular instrument described here is limited 
by the radionuclide sources available at present but the Radiochemical 
Centres' interest has been such that they are currently developing more 
robust, and hence safer, sources. Other aspects of this work have 
generated new avenues of research for which generous financial support 
has been given to Kings College, London. 
Possible areas for future research related specifically to this detector 
in its present form are presented in pages 122 to 123. 
I 
I 
_j 
I 
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APPENDIX I 
Amino Acid Determination 
Direct Fluorescence Labelling with BIF Detection 
A.I.(i) Introduction. Since 1970 fluorometric amino-acid analysis using 
high-performance liquid chromatography has become established as an alter-
native to calorimetric analysis using ninhydrin. Many fluorogenic 
reagents for primary and secondary amines, and thiols have been deve-
loped both as pre- and post-column derivatisation reagents. A recent 
review~1 evaluates these reagents with respect to reactivity, selec-
tivity, stability, fluorescence characteristics and, especially, their 
applicability to h.p.l.c. 
82 Since 1970 o-phthalaldehyde . has been widely used for amino acid 
determinations, affording a method for detection at the sub-nanogram 
level. o-Phthalaldehyde, OPA (m.pt. 55-58°C), reacts only with primary 
amines at alkaline pH in the presence of certain thiols (2-mercaptoe-
thanol or ethanethiol) to give fluorescent adducts with Aex = 340 nm 
and Aem = 455 nm. 
s~ 
~~ 
~CHO ' RSH + 
fluorophore 
Reaction of OPA with Primary Amines 
The reaction is carried out in borate buffer solution (pH 9.5) at room 
temperature by the addition of a 10% borate buffer/methanol solution 
of OPA (10 mg ml- 1 ) and ethanethiol (0.5%) (or 2-mercaptoethanol) to 
an aqueous solution of the amino acid. The resultant fluorophores, 
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la and Ib, are alkylthio-2-alkylisoindoles which have quantum yields 
of 0.33- 0.47, fluorescence lifetimes of 18-20 ns and a constant 
fluorescence intensity from pH 6.0 - 11.5. They are believed to de-
compose via a spontaneous intramolecular sulphur-to-oxygen rearrange-
ment to give the non-fluorescent 2,3-dihydro-1H-isoindol-1-one II. 
la X =OH 2-mercaptoethanol adduct; 
Ib X = H ethanethiol adduct. 
It has been shown83 that the instability of la in aqueous buffers 
can be reduced by the use of ethanethiol to give Ib which cannot 
rearrange intramolecularly to give II. For this reason we chose to 
use ethanethiol in our labelling reactions. During this project 
Applied Chromatography Systems Ltd. (ACS), who were subsequently to 
market our detector system, became interested in the detector's po-
tential for amino acid analyses. As a result of this interest we 
carried out a series of exploratory reactions and separations on 
amino acids and their derivatives. We were able to show that, after 
labelling an amino acid molecule with o-phthalaldehyde, detection of 
the fluorophore was possible using our BIF system. 
A.I.(ii) Development of the Method 
Development of an aqueous assay was, of course, a departure from our 
normal BIF experiments which had all been carried out under straight 
(normal)-phase conditions. Thus the use of a non-polar stationary 
phase, column OSCPS-ODS, together with a polar, mobile phase consti-
tuted a further extension of BIF into the area of reversed-phase high 
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pressure liquid chromatography. Great attention was paid to monitoring 
the efluent for radioactive contamination (see discussion on pages 35 & 44); 
although contamination was detectable, the levels were regarded as 
acceptable considering the subsequent possibility of protected-source 
development. 
The eluent was a 50:50 mixture of O.Ol25M disodium hydrogen phosphate 
and acetonitrile to which was added toluene, dropwise, until the 
aqueous phase saturated organically and phase separation started to 
occur. The labelling reaction was performed as follows: 
A standard DL-alanine solution was prepared by dissolving 18 mg alanine 
in 10 ml of distilled water (ea. 2 x 10-~).· An aliquot (1000 ul) of 
this amino acid solution was diluted with 1000.~1 of borate buffer 
(20% w/v) and 500 ~1 of o-phthalaldehyde reagent added. [The o-phthal-
aldehyde reagent was supplied to us, freshly prepared, by Applied 
Chromatographic Systems Ltd., who had followed the original method of 
M. Roth 82 • The reagent was prepared by mixing 4.5 ml of o-phthalal-
dehyde solution (10 mg ml- 1 in methanol) with 0.5 ml of borate buffer 
of pH 9.5 (O.OSM sodium tetraborate adjusted to pH 9.5 with concen-
trated NaOH) and adding to this solution SO ~1 of ethanethiol]. The 
mixture was allowed to stand for 60 seconds and then 20 ~1 aliquots 
of the solution were injected into the chromatograph. Figure 5.22 
shows the chromatograms obtained together. with one for a blank run; 
the experiment was then repeated with leucine (see Figure 5.23 (a)). 
Illustrated in Figure 5.23 (b) are the chromatograms for a further 
alanine run and quite clearly the two labelled components elute with 
comparable retention volumes. This was confirmed when the labelling 
reaction was performed on an equimolar mixture of both alanine and 
leucine; see the single peak obtained in Figure 5.23 (c). In attempting 
to resolve the two components the eluent composition was changed to 
2:1 phosphate buffer/acetonitrile saturated with toluene; Figure 5.23 
(d) demonstrates the effect of such a change. A further improvement 
in resolution could be obtained when 3:1 phosphate buffer/acetonitrile-
toluene eluents were used; however, this was achieved at the expense 
of a loss 
phosphate 
81 in fluorescence intensity. It has been reported that 
buffers quench the fluorescence signal from o-phthalaldehyde-
I 
Sample: 14•64119 labelled alanine 
Eluent : 50:50 phosphate bufferj acetonitrile saturated with toluene 
Flow rate: 1•45 ml min"1 
G3 R16f5 G1 R4f5 
G3 R16f5 
e d c b 
G3 R16 f5 
a 
Figure 5.22 Chromatograms Obtained for o-phthalaldehyde Labelled 
DL-alanine. Variations in Peak Heights a, c, d, e and f are Possibly 
due to Inhomogeneity of Eluent. 
-1 Flow rate = 1.•05 ml min 
c 
a= labelled leucine : 21 pg leucine 
G3 R16 f5 
b 
b= labelled alanine : 14·6 pg alanine 
c= labelled leucine/ alanine mixture 
= 15•0 pg leucine + 10·5 pg alanine 
a 
(d) c using 2:1 phosphate buffer/ acetonitrile saturated 
with toluene 
Figure 5.23 Chromatograms Showing the Attempts to Separate 
and Detect o-phthalaldehyde Labelled Alanine and Leucine. 
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labelled amino acids. We attempted to overcome this problem by. intro-
ducing benzyl alcohol into the eluent. This change was made because 
we felt that the higher solubility of the alcohol in aqueous media 
would both stabilise the o-phthalaldehyde adduct (and also possibly 
have a "micellular" effect) whilst at the same time acting as the 
energy transfer agent M*. We found better sensitivity, i.e. increased 
detector response, but now at the expense of chromtographic reso-
lution. Further optimization of the eluent composition produced an 
acceptable eluent of 4:1 phosphate buffer/acetonitrile containing 
10% benzyl alcohol as shown in Figure 5.24 where the chromatograms 
were obtained for a mixture of o-phthalaldehyde derivatives of ala-
nine and leucine, the detection limits being < 1 ng. Further experi-
ments were conducted on the above ternary eluent in an attempt to 
reduce the acetonitrile concentration and so increase the Rv's of 
the amino acid derivatives. The main difficulty was in obtaining a 
ternary mixture which did not emulsify and Table 5.26 lists some 
of the results obtained in trying to achieve a homogenous ternary 
system. It can be seen that we tried to increase the concentration 
of benzyl alcohol to improve energy transfer and, as a consequence, 
sensitivity to the o-phthalaldehyde adduct. Attempts .to further 
increase [M] by the addition of toluene to the ternary system failed 
since all the solutions separated into two phases. 
In order to produce an eluent containing as high a percentage of 
benzyl alcohol as possible (i.e. [M] = maximum) we took a 50:50 
phosphate buffer/acetonitrile solution and added benzyl alcohol 
dropwise until a slight cloudiness resulted. At this point we had 
23% benzyl alcohol in the eleunt. The addition of a few drops of 
acetonitrile "back titrated" the ternary eleunt to .Produce a stable, 
clear solution. At this stage the assay was extended to methionine; 
500 )ll of an aqueous solution of methionine (1.57 mg ml- 1 ) were 
taken, and 500 Ill of borate buffer, followed by 250 Ill of the label-
ling reagent, added. After 60 seconds 3 Ill of the mixture were 
chromatographed, this quantity being equivalent to 18 ng of the 
methionine/o-phthalaldehyde derivative; Figure 5,25. We were, there-
fore, able to demonstrate that: 
Eluent• 4•1 0•0125M phosphate buffer/ acetonitrile varying in concentration 
of benzyl alcohol ( 5%-+ 10%) 
LOO ) 1 f.l9 alanine & leucine 
_, 
Flow rate: 1•8 ml m in 
d d c b 
Ala 
Leu 
a 
Figure 5.24 Chromatographic Separation and Detection of 
OPA Adducts of Alanine and Leucine Showing the Effect of 
Changing the Benzyl Alcohol Content in the Eluent from 
5% (a) to 10% (d). 
Table 5.26 
Ex2eriments to Determine the Solubilit:t: of Benz:t:l 
Alcohol in 0.0125M Phosphate Buffer 
Quantit:t: % Quantit:t: % Benz:t:l No Buffer Observations 
/ml Acetonitrile Benz:t:l Alcohol Alcohol /ml 
A 1 5.0 0 0.1 2 clear 
2 5.0 0 0.2 4 cloudy 
3 5.0 0 0.3 6 cloudy 
4 5.0 0 0.4 8 cloudy 
5 5.0 0 0.5 10 cloudy 
A10 1 4.5 10 0.1 2 clear 
2 4.5 10 0.2 4 slightly cloudy 
3 4.5 10 0.3 6 cloudy 
4 4.5 10 0.4 8 cloudy 
5 4.5 10 0.5 10 cloudy 
A15 1 4.25 15 0.1 2 clear 
2 4.25 15 0.2 4 clear 
3 4.25 15 0.3 6 cloudy 
4 4.25 15 0.4 8 cloudy 
5 4.25 15 0.5 10 cloudy 
A20 1 4.0 20 0.1 2 clear 
2 4.0 20 0.2 4 clear 
3 4.0 20 0.3 6 slightly cloudy 
4 4.0 20 0.4 8 cloudy 
5 4.0 20 0.5 10 cloudy 
A25 1 3.75 25 0.1 2 clear 
2 3.75 25 0.2 4 clear 
3 3.75 25 0.3 6 clear 
4 3.75 25 0.4 8 cloudy 
5 3.75 25 0.5 10 cloudy 
Toluene was added to all the above solutions as follows:-
No Toluene /ml Observations 
1 0.1 
2 0.2 in all cases 3 0.3 
4 0.4 the solvents 
5 0.5 were immiscible 
Notes: 1. M2 and M3 are separate reactions 
2.Basellne drift caused by elution of column 
contamination 
3.Detection limit 600 pg 
M3 M2 
·1 • 
Sample ; o-phthalaldehydefmethionine derivative, 6 ng ~I • • each peak:: 18 ng 
Column; 25 cm ODS- Spherisorb 1011 (poor .column) 
Eluent 23°/0 benzyl alcohol in 1:1 acetonitrile 0·0125 M phosphate buffer 
Flow; 1 ml m in ·1 
Figure 5.25 0-phthalaldehyde/methionine Derivative. 
(1) the BIF system could be extended to reversed-phase 
chromatography; 
(2) the detector was capable of monitoring analytes labelled 
with the usual fluorogenic reagents; 
(3) in one of the latter systems, o-phthalaldehyde-labelling 
of amino acids gave results for alanine, leucine and 
methionine with detection limits down to 600 pg. 
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APPENDIX II 
Further Sensitivity Enhancers for PAH 
Determination Using BIF 
(Suggestions for Further Research). 
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A.II.(i) Recent chromatographic advances which would seem to suggest 
possible ways to increase sensitivity include the use of a radial injec-
tioh technique where injection of the sample into the column from the side 
of the column, below the top layer, avoids dead-volume problems and 
enhances peak heights. Split eluent flow has been shown to increase 
the precision of a chromatographic separation. In this type of 
chromatography the eluent has two inlets at right-angles to each 
other - one axial, one radial, such systems can be optimised to 
give RSD's <1% for up to 500 injections. 
In Section 3.4 the influence of [M], the energy transfer agent, was 
discussed. It was noted that increasing the concentration of M pro-
duced better sensitivity but at the same time limited the chromato-
graphy. One way to overcome this problem may be post-column, pre-
detector addition of M (toluene). This way the chromatographic 
separation would be unaffected but the analyte would enter the detec-
tor flow cell in an energy transfer agent enriched environment. 
Such procedures should give rise to more efficient energy transfer 
from M-+S increasing the sensitivity of detection. 
Parameters also discussed included the limit imposed on the S;N ratio 
by the background fluorescence of M (toluene), attempts to minimize 
this included optical filtration. It would seem that one way to re-
duce the background signal, or eliminate it, would be to shift the 
emission wavelength so that efficient spectral resolution becomes 
possible. This could of course be achieved if phosphorescence were 
induced and such luminescence used to detect the analyte. Since the 
discovery that phosphorescence emission occurs from the metastable 
triplet state (see Jablonski diagrams in Chapter 1) numerous attempts 
have been made to induce this form of luminescence in molecules. As 
the triplet excited states are longer-lived they are more susceptible 
to non-radiative deactivation, for this reason initial research 
centred around immobilization of the lumiphor in a glass matrix at 
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low temperature (77°K). A number of different experimental approaches 
·have been tried all possessing a common requirement- namely, a high 
degreeofmolecular organization if room temperature phosphorescence 
(RTP) is to be monitored. 
Recently, a new approach to the production of phosphorescence at room-
temperature in fluid solution has been described 84 • Lumiphors form 
inclusion complexes inside cyclodextrin (CD) molecules 85 and, in 
the presence of a heavy-atom containing species, undergo emission 
from their triplet state resulting in intense phosphorescence which 
is spectrally well resolved and partially insensitive to quenching 
by dissolved oxygen. The effect of addition of CD to the mobile 
phase used for conventional reversed-phase high pressure liquid chroma-
tography has been reported 86 in order to confirm the existence of 
inclusion equilibria between cyclodextrin units and sample molecules. 
Consideration of these papers together with our results obtained in 
the amino acid determination using reversed-phase chromatography sug-
gest the possibility of a new flow-based analysis for PAH's utilizing 
CD-RTP together with reversed-phase chromatography and Beta induced 
luminescence detection. The outline of such ideas is presented 
below. 
In the amino acid determination discussed, page 117 to 121, benzyl 
alcohol was used as the energy transfer agent in the aqueous eluent. 
A comparison of the spectral properties of benzyl alcohol with tol-
uene Figure 5.26 and Figure 4.9 indicates as expected, comparable 
properties. The different physical properties of benzyl alcohol 
i.e. polarity and hydrophilic character further suggest that the 
following ideas may be analytically feasible: 
(1) Reversed-phase separations using aqueous eluents containing 
cyclodextrins. (It has been shown that the retention times of 
samples decrease to an extent that depends on the strength of the 
interactions between cyclodextrin units and sample molecules 86 .) 
(2) The incorporation of benzyl alcohol as the energy transfer 
agent could be made pre or post-column before the analyte CD complex 
Figure 5,26 (a) 
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Spectra of Benzyl Alcohol in Ethanol 0.3%. 
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enters the detector flow cell. 
(3) The use of cyclodextrins as "molecular traps" for analytes so 
reducing the number of degrees of freedom of the analyte and con-
ferring stability to interaction with bulk solution quenchers. 
(4) If the above effects are combined with the use of 1,2 dibro-
moethane (DBE) to give a heavy-atom effect the result would be 
increased intersystem crossing to the triplet state of the mole-
cule which being restrained will result in enhanced RTP. It has 
been shown that almost all singlet fluorescence is lost, this 
would presumably eliminate the poor SfN ratios seen with the present 
system. The SfN ratio would be improved due to the much longer wave-
length of analyte phosphorescence emission completely separating 
this signal from any background fluorescence. Detection could be 
conducted on a life-time scale basis as fluorescence life-times 
fall in the l0-9sregion, micelle stabilised room temperature phos-
phorescence (MS-RTP) life-times in the l0-6 s 87 and deoxygenated 
CD-RTP has shown visible emission for several seconds post exci-
tation8~. 
--------------------------------------------------------------------------------------------------------------
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AN ELECTRONIC FILTER FOR RADIOACTIVITY 
DETECTORS IN CHROMATOGRAPHY SYSTEMS 
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A simple low-pass filter system is described for use with chromatographic detectors 
based on the counting of radioactivity. Typical results are presented which demonstrate that · 
the filter can be used· to remove the statistical fluctuations in recorded count rates without 
ihe excessive peak broadening which results from using large time constants on conventional 
ratcmctcrs. 
Introduction 
In most forms of radiochromatography 1 •2 the radiochromatogram can be ob-
tained as either a chart record of count rate as a function of time or as a histo-
gram built up by counting fractions of material after the separation. For example 
in gas or liquid chromatography either a radioactivity detector may be placed so 
that the gas or liquid flow from the column passes through the detector for activ-
ity monitoring, or fractio~s of eluted material may be collected for subsequent 
activity estimation. After the development of a separation by thin layer chromato-
graphy the t.l.c. plate may be scanned with a radioactivity detector, or alternatively 
the thin layer material may be removed by scraping short lengths of material into 
individual sample bottles for counting. 
While fraction collecting and subsequent counting offer the chromatographer 
the advantage of an unlimited choice of counting times, and consequently a high 
degree of control over the statistical uncertainty in the final result, the technique 
does have a number of drawbacks. Apart from the obvious effort and time re-
quired to collect and to count each fraction, there are the disadvantages of using 
many sample bottles and, in the case of samples assayed by liquid scintillation 
counting, a considerable quantity of scintillant. Furthermore samples mixed with 
scintillant are generally rendered non-recoverable . 
. On the other hand flow counting or scanning to quantify radiochromatograms, 
while providing immediate results, does require a higher minimum activity level and 
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suffers from the problem of statistical fluctuations in the count rate being recorded 
as a form of noise. If a radiochromatogram is recorded digitally then the procedures 
for minimising the effects of such statistical noise are relatively straightforward. 
However much radiochromatography is actually carried out with the results appear-
ing only as an analogue signal (i.e. a current· or voltage proportional to the instantane-
ous count rate) which is recorded on a chart recorder. 
In this paper we describe a simple and inexpensive way of reducing statistical 
noise fluctuations in count rate records and demonstrate the technique with ex-
amples of h.p.l.c. radiochromatograms and t.l.c. plate scans. 
The approach 
In principle a count-rate meter produces an analogue signal proportional to the 
instantaneous count-rate. In practice however ratemeters obtain their analogue signal 
by averaging the count-rate over a preset time, and most have facilities for selecting 
this time constant. While statistical fluctuations in both the background count-rate 
(i.e. the baseline) and signals from active material may be smoothed out by selecting 
a large value for the time constant, unfortunately such a procedure leads to a dra-
matic distortion of the peak size and shape for radioactive components. This may 
be seen in Fig. 1 where two radiochromatogran1s are shown. Both were obtained 
by scanning a single t.l.c. plate under identical conditions, except that for (a) the 
ratemeter time constant was set to 10 seconds, while for (b) it was set to 0.1 
seconds. 
In practice the peak shape and size are most faithfully recorded by using the 
smallest value of the ratemeter time constant, although the statistical variation in 
the baseline count rate will, of course, be at its most rapid under these conditions. 
Our approach has been to minimise this statistical fluctuation, without distorting 
the peak shape, by filtering the analogue signal to remove the rapid statistical fluc-
tuations while passing the more slowly varying component of the ratemeter signal 
to the chart recorder. To this end we have constructed a low-pass filter, with am-
plification and d.c. offset facilities, which can be inserted between a ratemeter and 
a chart recorder. The filter system and typical results obtained from it are des-
cribed below. 
The filter system 
To be of value in the present application the filter unit had to be designed to 
pass d.c. levels between 0 and 5 volts, and to pass varying signal levels with char-
acteristic frequencies from zero up to a user-chosen cut-off frequency, fc. Higher 
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Fig. I. Thin layer chromatogram scan of a five component 1 • C-labelled mixture with rateme· 
ter time constant set to (a) I 0 s and (b) 0.1 s 
frequencies should be sharply attenuated. There are several ways of approaching 
this goal. We chose to use a low-gain controlled source active fllter showing a 
Butterworth response? The low-gain controlled source active filter design was 
chosen because it could be easily assembled from readily available components of 
common values, because the cut-off frequency could. be selected by switching a 
small number of components, and because the low-gain configuration is inherently 
stable and free of the risk of noise pick-up. The Butterworth frequency response 
has a relatively poor attenuation rate around the cut-off frequency, but does have 
a maximally flat response at lower frequencies. As a flat low frequency response 
is of obvious importance for this application, the f~ter was designed for a Butter-
worth response and the higher frequency attenuation improved by utilising two 
fllter networks in series. 
A schematic diagram of the system is show~ in Fig. 2, where power supply cir-
cuits have been omitted. (A regulated ± 15 V supply was used, based on the RC4 · 
195 NB regulator.) The circuit consists of two consecutive second order Butter-
worth voltage-controlled voltage sources, each built around one half of a dual ope-
rational amplifier (a 747). Each operational amplifier is operated with a d.c. gain 
of approximately 1.5, and the output of the second stage is taken through a preset 
voltage divided (VRl) which is set up so that the voltage taken from the slider is 
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VR2 I 
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Slbl 1 -15V -15V 47 47 100 c, ,. VR1 VR3 10 10 10 10 10 
~ 
Fig. 2. Schematic diagram of filter system circt.Jit. Each amplifier is one half of a 747 d)lal op. 
amp. All resistor valpes are in kilo-ohms except where otherwise indicated. Values of 
Cr were switched between 2.2, 4. 7, 10, 22, 4 7 and I 00 ,F, and were tantalum types 
equal to the voltage input to the first stage (i.e. so that the overall voltage gain 
of the two fllter stages is unity). 
The two fllter stages are identical and have cut-off frequencies (the frequency 
·· at which the power gain is 3 dB) selected by a single four-pole six-way switch S 1. 
With the Cr values of 2.2, 4.7, 10, 22, 47, 100 JlF, the cut-off frequencies avail-
able were nominally fc = 2, 1, 0.5, 0.25, 0.1 and 0.05 Hz respectively. As each 
··stage has a 12 dB/octave roll-off above fc the overall filter action is a nominal 
24 dB/octave or 80 dB/decade. 
The filtered signal taken from VR1 is passed to a summing amplifier operated 
at unity gain in the inverting mode. Also taken to this amplifier is a signal from 
the potentiometer VR2, which may be used to back-off the d.c. level of the rate-
meter analogue signal' level before this signal is amplified by the next stage. 
Because our unit is operated with systems giving outputs of both 0-100 mV 
and 0-5 volts, S2 allows the response of the summing amplifier to VR2 to be 
selected between ±1 and ±10 volts. VR2 is a ten turn helipot. The final stage is 
an inverting amplifier with a gain selected by S3 to be 0.1, 0.33, 1, 3.3, 10, 33 
or 100. 
The unit was constructed on a single circuit board and boxed, tQgether with 
the ±15 V, 50 mA power supply, in a pressed steel case showing four external 
controls; cut,off frequency selector switch Sl; d.c. off-set control (VR2); d.c. offset 
range selector switch S2; and d.c. gain selector switch S3. Two 747 dual op. amps 
were used in the prototype, and although it would probably be better to use in-
strumentation amplifiers, we have had no difficulties using these inexpensive de-
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Fig. 3. Output from b.i.f. detector for 20 ng samples of p-tcrphenyl eluted from Lichrosorh 
column using hcxane solvent: (a) and (b) without filter, (c) with filter, and (d) with 
filter, zero offset and d.c. amplification. See text for details 
vices. All fixed resistors were 0.5 watt metal oxide of 5'/o tolerance and the filter 
capacitors were tantalum types. Once assembled the offset presents were nulled, 
VR I adjusted for unity gain over the fil !er stages and VR3 adjusted to give the 
calibrated overall gain with S3 set to unity gain. 
Similar filters, although undoubtedly more precise and with better specifications, 
are available commercially. 
Results and discussion 
The filter system described above was initially designed for use with an h.p.l.c. 
chromatograph operating with a beta-induced fluorescence (b.i.f.) detector4 for the 
detection of non-radioactive materials. One characteristic of this type of detection 
system is a relatively high signal level from the h.p.l.c. solvent. The analogue output 
from our b.i.f. detector is via a ratemeter (Nuclear Enterprises Ltd., Model 4678) 
which has its operating time constant selected by choosing the percentage standard 
deviation desired for the analogue signal. Fig. 3 shows the detector response to 
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Fig. 4. Scans of a t.I.c. radiochromatogram of three component '• C-labelled mixture: (a) and 
(b) without filter, (c) with filter. See text for details 
20 ng samples of p-terphenyl with selected standard deviations of (a) 3% and (b) 
1% (the smallest value available). In both cases the count rate recorded from solvent 
(hexane) alone, which is -9 · 103 cps, leaves the recorded baseline well up the chart. 
. ·Fig. 3 (c) shows the effect of inserting the filter unit between the ratemeter and 
recorder and repeating run (b) with a cut-off frequency of 0.1 Hz selected and a 
d.c. gain of unity. Clearly the quality of the recorded peak is dramatically im-
proved, both in terms of its. outline - which allows for improved quantitation, -
and the signal to noise ratio - which allows for tighter error limitR on results. 
Fig. 3 (d) shows the further improvement in the recorded signal obtained when 
run (c) is repeated using a d.c. gain of X3 and with the baseline level offset to 
the lower edge of the chart paper. This much greater signal is clearly easier to 
measure, although of course offering no signal to noise ratio improvement. 
For more conventional radiochromatography we have a filter system connected 
to our r-scintillation detecting h.p.l.c. unit, which uses an SRS (Nuclear Enterprises 
Ltd.) scaler-ratemeter. We have also connected a filter system to a t.l.o. plate scan-
ner operated with a 3 Hf1 4 C GM scanning head and a ratemeter unit (all Panax 
Nucleonics). The results obtained from both systems are sufficiently similar that 
we show here only traces obtained by scanning a t.l.c. plate on which there are 
three fully resolvable 14 C-labelled components. 
Fig. 4 shows the ratemeter record obtained using a time constant of (a) 10 se-
conds and (b) 1 second, both without the aid of the fllter system. In (b) the three 
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peaks are fully resolved but are difficult to quantify owing to statistical fluctuations. 
In (a) the larger time constant has smoothed out the statistical fluctuations on the 
count rate record, but at the cost of introducing long tails on the peaks so that 
the recorder resolution has deteriorated - again making the peak areas difficult to 
quantify. Fig. 4 (c) shows the effect of including the filter system, operating at a 
d.c. gain of unity and a cut-off frequency of 0.1 Hz, on the radiochromatogram 
recorded in (b). Again the statistical fluctuations have been smoothed out, but 
this time the peaks have not been broadened so much that the recorded resolu- . 
tion is impaired. 
In each of the examples given above, and in many others recorded in our labo-
ratory, the ftlter system has offered an improvement in signal-to-( statistical) noise 
ratio at a smaller cost in terms of peak distortion than can be obtained using the 
simple time constant selectors en the ratemeters at our disposal. The basis of this 
improvement is clearly that the frequency response of the filter system declines 
at 80 dB/decade above the selected cut-off frequency, whereas that of most con-
ventional ratemeters declines more slowly - for the simplest RC smoothing circuit 
the rate of decline is 20 dB/ decade. 
* 
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A theoretical analysis of beta-induced lluorcsccnce is used to determine the factors which influence" 
·1he sensilivity of the technique as applied 1o liquid chroma1ography. Equations are presen1ed for de1<c1or 
response and for signal-to-noise ratios and the theore1ical response for a typical detector is compared 
with experimentally determined values. · 
Beta-induced fluorescence 1- 3 (b.i.f.) has been demonstrated to provide a sensi-
tive method for the detection of fluorescent species eluting from high pressure liquid 
chromatography (h.p.l.c.) systems: The principle of the technique is outlined 
schematically in fig. 1. tr particles, produced by the decay of a radioisotope such 
{T particles fluorescence 
source 
~\ t--FI~;, .--------, 
PMT 
'--------' 
"' 
quartz / protective sample 
layer window 
FIG. 1.-The principle of beta-induced nuorcscencc. Heta parlicles emitted during 1hc decay of 1lw 
radioactive source enter the sample region where they may give rise tn the emission or phntnns from 
fluorescent materials. 
as 
63 Ni or 147 Pm, are allowed to enter a small-volume flow cell through which the 
eluent from a chromatograph is passing. Any fluorescence excited from constituents 
of the eluent is detected by a photomultiplier tube which continuously monitors 
emission from the flow cell. The wavelength of the detected photons may be selected 
by placing a monochromator or an optical filter between the flow cell and the 
photomultiplier tube,2 as in conventional fluorimetric detectors, 5 although there is 
no direct control over the excitation energy analogous to that available in normal 
fluorimetry. 
In this paper a theoretical analysis of the processes involved in b.i.f. is presented 
and the potential sensitivity of the technique as applied to h.p.l.c. is considered in 
171)~ 
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the light of this analysis. An expression is derived for the rate at which energy is 
deposited in the flow cell and the advantages and disadvantages of two of the most 
promisin!! radioactive sources (62 Ni and 147 Pm) are considered. Expressions are also 
derived for t~.e magnitude of the detected b.i.f. signal and the associated signal-to-
noise ratio and the factors which influence such calculated values are discussed. 
Wherever practical, the results predicted by the theoretical analysis are compared 
with experimental values. Finally, the factors which are predicted to determine the 
ultimate sensitivity of the technique are discussed. 
EXCITATION SOURCE 
In a h.i.f. detector system energy is transferred from a radioactive source. to a 
li4uid solution as a result of rr particles escaping from the source and entering the 
li4uid. The fate of the energy deposited in the solution depends almost entirely on 
the properties of the solution; this aspect will be considered in the next section. 
However, we Will first examine the amount of energy deposited in the liquid, a 
quantity which is a function of the nature of the radioactive source, the physical 
· ·properties of the barrier between the decaying radionuclide and the liquid phase 
and the detailed design of the flow cell, in particular the path length available to the 
{J particles. 
To obtain a high sensitivity from a b.i.f. detector it is clearly desirable that 
fluorescence detected from eluted materials should be recorded against a dark 
background and for this reason those nuclidcs with an£, ... "·7 which lie significantly 
above the Cerenkov threshold" for {3 particles in the chromatography eluent arc 
unlikely to be useful as h.i.f. sources. For the eluents of importance in h.p.l.c. we 
must confine our attention to those radionuclides which emit {3. particles with 
energies of no more than ea. 0.25 Me V, and even at this energy some Cerenkov 
radiation will he detected for liquids with a refractive index > 1.4. 
With this upper limit in mind we may write the rate at which energy is deposited 
in the liquid phase, Eu, as 
(1) 
where N(t) is the rate of decay of the N(l) atoms of the radionuclide.and depends 
on the age, 1, of the source, g is a geometric factor which represents the fraction of 
{3 particles, of mean energy £, emitted from the source which could enter the 
li4uitl, [\E, r 1, p 1) is the barrier factor, which is the fraction of the {3 ···particles' energy 
absorbed hy the barrier (thickness '" density p 1) separating the decaying nuclide 
from the liquid phase and h(E, r2, p 2) is the path length factor, which is the fraction 
of the {3 · particles' energy absorbed by the liquid (density pi) in the available path 
length (source to wall or window), r 2 • 
The designs of b.i.f. cells reported so far have always involved 1' 2 g,;:; 0.5. 
Although g could be increased beyond 0.5 the design difficulties which arise in 
attempting such an improvement are formidable, so we shall assume g = 0.5. The 
range of 13·· particles with energies <0.25 Me V in liquids of p 2 = 1 is" <0.5 mm and 
in most flow-cell deisgrts to date the available path length has been sufficient to allow 
us to assume lt (E, r2, p2) = 1. 
With the aid of the radioactivity decay law" we may rewrite eqn (1) as 
. 1 - - • (-In 21 Eo(t) = zf(E, '" p,)ENo exp 
,,/2 (2) 
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where No is the initial activity of the radioactive source and ltt2 is the half-life of the 
radionuclide. 
If a rate of decline in the sensitivity of the detector (which for the moment we 
will assume is directly proportional to the rate of energy deposition within the flow 
cell) of 1% per month is acceptable, then a radionuclide with a half-life of little over 
1 year may be selected. 
However, if a rate of decline in detector sensitivity of 1% per year is required, 
then the radionuclide source must.have ltt2 > 70 years. 
The final factor of eqn (1) requiring examination is the barrier factor, f(E, r1, p 1). 
Whether or not a physical barrier between the {3- -emitting radionuclide and the 
· solution in the flow cell is required at all is a debatable point, as it may well prove 
possible to fabricate an uncovered source which does not dissolve to any measurable 
extent in the eluent which flows over the source during normal use. However, the 
increasing importance of the safety aspects of laboratory equipment does suggest 
that there may be considerable difficulty associated with the marketing of a detector 
which could release significant quantities of radioactive material as a result of a 
minor operator error, such as the use of an eluent in which the radionuclide was 
soluble. It therefore seems likely that some kind of barrier will exist between the 
radionuclide and the liquid phase in any practical b.i.f. excitation source. 
The stopping powers9 of silver foil (p 1 = 10 g cm .. 3 ) for the maximum energy and 
{3 - . I ' d d . h d f 63N' d 147p · · mean energy partrc es emrtte urmg t e ecays o · 1 an m are gtven m 
·table 1, along with the ranges of those {3 ···particles in silver. The 147Pm source used 
TABLE I.-STOPPING I'OWERS AND MEAN RANGES FOR {r PARTICLES 
{3 · particle energy' Ag stopping power mean range 
/keV /keV ~tm-• in Ag/~tm 
230 (Em .. for 147Pm) 2 53 
75 (E for 147Pm) 3.5 11.4 
67 (Emu for 63Ni) 4 8.9 
22 (E for 63Ni) 13 2.1 
recently2 in a b.i.f. system was protected with a 5 JLm silver foil barrier, for which 
the mean fractional energy loss of {3- particles is ea. 0.2 so that [(50, 5, 10) ""0.8. 
A 63Ni source protected in the same manner would have [(16, 5, 10)"" 0.06, so that 
from eqn (1) it follows that such a 63Ni source is approximately two orders of 
magnitude less efficient at depositing energy into the flow cell than a 147Pm source 
of the same activity (for 1 = 0 in both cases). 
SOLUTION-DEPENDENT PROCESSES 
, Once the {3 ·· particles have entered the liquid phase they Jose energy and give 
rise to the creation of ionised and excited molecules through both primary and 
secondary mechanisms. The processes involved have been extensively studied 
because of their relevance to liquid scintillation counting of radionuclides.6 ' 10 
However, the details of the rate processes involved in b.i.f. do differ from those in 
liquid scintillation counting as a result of the very low concentrations of fluorescent 
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material likely to be involved in'the chromatographic system. In particular it ~hould 
be noted that single photon emissions occur under normal sample/solvent condi-
. Th I . 10 11 • • 'd . . h b ' f twns. e e ementary processes · ·requmng cons1 erat1on m t e .1 .. system arc 
collected in table 2, where it will be noted that although solvent excimers, D, have 
been considered, excimers and exciplexes involving the fluorescent sample have not 
been taken into account. While such species are of undoubted importance (and 
considerable theoretical interest) in some systems, their intervention would not alter 
the conclusions to be drawn from the kinetic equations which follow from the 
simplified scheme of table 2. 
TABLE 2.-BASIC PROCESSES INVOLVED IN B.I.F. 
d['M*] (3'"/li +M_. 'M* assume k0[M] formation dt 
'M*+M~'D* 
'M*--. M+ hv1 
'M*-.M 
'M* -.'M* 
'D*-. 3M*+M 
•o•--. 2M + hv2 
'D*--. 2M 
'D* -• 'o• 
'D* ~ '1\·1* +M 
'D*--. 2M + ht•, 
'D*-.2M 
'M*-.M+hv4 
·'M* -'• M 
'M*+Q-•M+Q 
'D*+Q-.2M+Q 
'M*+S-.'S*+M 
'S* -• S + ht•, 
'S*+Q-.S+Q 
•s•--. 's• 
•s•-.s 
'S*+O-•S+Q 
'S*--. S + h••• 
's•--. s 
'D*+S-.'S*+2M 
( 1)" 
(2) 
(3) 
(4)" 
(5) 
(6) 
(7) 
(8) 
(9) 
( 10) 
( 11) 
(12) 
(13) 
(14) 
( 15) 
(16) 
(17) 
(18) 
(19) 
(20) 
(21) 
(22) 
(23) 
(24) 
(25) 
• A multistage process involving ions and higher excited states. We assume that the rate 
· of this process"' ko[M], where ku = /1Eo(l)]. • Treated as unimolecular for simplicity. In 
practice processes involved are largely bimolecular, but relatively insensitive to the nature of 
the collision partner for solvents of interest in this work. 
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A~ the {3 particles enter the liquid phase they deposit their energy by causing 
ionisation and electronic excitation of the molecules forming the liulk of the liquid 
(solvent molecules, M). We will ignore the direct excitation of the sample molecules, 
S, as these are likely to be a very small proportion of the total. If we confine our 
attention to the (relatively) non-polar solvents which have been used for normal 
phase chromatography with b.i.f. systems (e.g. hexane, toluene etc.), then ions 
initially formed will capture electrons and the net result of these processes is the 
production of highly excited solvent molecules which rapidly ( < 1 o-•• s) relax to the 
lowest excited singlet state [reaction (1)], 1M*. These molecules mar, themselves 
fluoresce [reaction (3)], transfer their energy to quencher species' 1' 12 (such as 
oxygen) [reaction (15)] or to the sample species [reaction (17)], or may undergo an 
intersystem crossing to yield a triplet species [reaction (5)]. Alternatively, these 
excited molecules may indulge in the reversible process of excimer formation 
[reaction (2)] or undergo a radiationless transition to the ground state [reaction 
(4)]. The processes of fluorescence [reaction (18)], quenching [reaction (19)], 
relaxation [reaction (21)] and triplet formation [reaction (20)] may also occur with 
excited sample molecules formed by reactions ( 17) and (25). Any of the triplet 
species formed may phosphoresce [reactions (11), ( 13) and (23)] or be quenched 
[reaction (22)] or relax to the ground state [reactions (12), (14) and (24)], these latter 
processes being written as unimolecular for simplicity, although they undoubtedly 
may also involve bimolecular interactions with non-specific partners. 
Under the conditions which apply in the b.i.f. detector phosphorescent emissions 
may be neglected and the rate of photon emission when eluent alone passes through 
the flow cell may be written 
P,., = k_,['M*]+ k7[ 1D*]. (3) 
The rate which applies when a luminescent sample species is present becomes 
• • • I 
Pm+P,=P,.+k,s[ S*]. (4) 
For both of the above equations we may write the concentrations of the excited-state 
species by equating their rates of formation with their rates of decay, i.e. 
CM*]= ko[M] · 
(kJo[M] +I )(k) + k4 + k_, + k,~[O] + k11[S]) (5) 
where 
?nd we a.ssume ~~0 is app':.~ximately constant over the ranges of [Q] and [S] of 
mterest (I.e. <10 moldm ·). 
['D*] = · k2[M][ 1M*] . 
(k2 + k6 + k1 + ks + k9 + k,o[O] + k2~(S]) 
['S*] = (kn['M*] + k2s[ 1D*])(S] 
k,s+k,9[Q]+k2o+k21 · 
(6) 
(7) 
Substituting these values for [1M*], [1D"] and ['S*] into eqn (3) and (4) we obtain 
Pm(S, Q) = (kJ +kJ,[M])ko[M] 
(k3o[M] + l)(k3 + k4 + k, + k15[Q]+ ku[S]) (8) 
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where 
and 
Ps == k,s(kl1 + k32[M])ko[M)[S] 
(kJo[M) + 1)(k3 + k. + ks + k,,[Q] + kdS])(ku + k,9[0]+ k2o+ k21) (9) 
where 
kn = k2skz/ k. 2· 
Eqn (8) and (9} in conjunction with eqn (1) contain the information necessary 
for an understanding of the propertres of a b.i.f. detector and may be used for· 
deriving expressions for responses and signal-to-noise ratios for the detector operat-
ing in normal b.i.f. mode. However, before we develop such expressions, it is useful 
to compare the photon emission rates predicted by eqn (8) and (9) with experimental 
values . 
. The relevant rate constants10' 11 for toluene and anthracene (as solvent, M, and 
sample, S, respectively) are collected in table 3. Photon detection rates calculated 
TABLE 3.-PARAMl'lTERS FOR PROCESSES INVOLVED IN B.J.F. PHOTON EMISSION 
FROM TOULENE AND ANTHRACENE 10•11 
toulene (M in table 2) 
k2 = 5.1 x 1010 dm3 mol"' 
k., =9.2 X 10 11 S ·I 
k,=4x to•s-• 
(k 16) = k., = 5.7 x 10"' dm' mol·'. s·• (for Q =oxygen) 
(k,) = k 11 = 5.2 x t010 dm3 mar·• s·• (forS= anthracene) 
k, = t07 s-• 
ku = to·• s·• 
k 4 =3Xl07 s" 1 
k,. > to• s·• 
k, = to• s·• 
anthracene (S in table 2) 
kz11 = 5 x t07 s·• 
k 1.=5Xt07 s··t 
k, = to• s~' 
k, 9 = 1010 dm' mol·' s -• 
k21 = t07 s·• 
from eqn (8), assuming an average photocathode quantum efficiency of 25% and 
ko = 4.0 x 108 s-•, for deoxygenated (i.e. [0] =0) toluene+ hexane mixtures as a 
function of composition are shown in fig. 2 along with the experimental values 
obtained using the experimental prototype system. If eqn (8) is used to estimate the 
photon detection rates from air-saturated toluene ([02] = 2.5 x I o- 3 mol dm - 3 } and 
I% toluene+ 99% hexane ([0 2]"" 5 x I 0-3 mol dm-· 3) we obtain 1.11 x 105 and 
3.75 x t04 s-•, respectively, in good agreement with the experimental values of 
1.02 x to' and 3.57 x t04 s- 1, respectively. 
When the data of table 3 are applied to eqn (8) and (9) we find that, for a 50 ppm 
solution of anthracene (i.e. [SJ= 2.8 x 10-4 mol dm -l) in deoxygenated toluene, f> m 
drops from 4.72xt05 to 3.55xt05 s- 1 and f>, becomes 7.36xtO's-1, a ratio of 
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FtG. 2.-Calculated and observed photon detection rates from deoxygenated toluene+ hexane mixtures 
as a function of toluene molarity. Calculated values obtained after fitting observed values to eqn (8) to 
· obtain k0 = 4.0 x 108 s- 1 and k30 = 20. 
P,; Pm= 2.07, in good agreement with the experimentally determined ratio of 
1.9±0.2. 
CHROMATOGRAPHIC RESPONSES 
The electronic equipment associated with a b.i.f. detector converts the photon 
detection rate into an analogue signal which may be transferred to a chart recorder. 
While in practice the quality of the recorded chromatogram will depend on a number 
of factors, such as the column efficiency and the dead volumes of the system, for our 
purposes, it is sufficient to consider a chromatographically idealised system in which 
the detector response to a sample, S, is equated with the peak height recorded as 
that sample elutes. Thus the b.i.f. response, Rs(S), may be written as the difference 
between the photon detection rate recorded at the peak and that recorded from 
eluent alone, i.e. 
(10) 
where d, and dm are the detection efficiencies for photons emitted by the sample 
species and the eluent, respectively. {Note that Pm is a function of (S] as shown by 
eqn (8).} 
The appropriate expressions for Pm and P, could be taken from eqn (8) and (9) 
directly, although it is convenient to simplify these equations in the light of practical 
b.i.f. chromatographic detection. As considerable care is normally exercised in 
selecting solvents which are free of quencher impurities and as such solvents are 
generally deoxygenated before use, it seems reasonable to set (0] = 0 in this 
calculation. This allows us to rewrite eqn (10) as 
Rs(S) = ko[M] . 
(k3o[M] + l)(k3 + k. + ks + kt,[S]) 
x { d,(kt, + kn[M])kts dmk11(k3 + k3t[M])}[s]. 01 ) kts+k2o+k21 kl+k.+ks 
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Using the numerical values given in table 3 for the rate parameters and taking 
d, = 0.25 and dn, < 10-4 (by using the 390 nm cut-off filter described for the experi-
mental system), the response of the prototype b.i.f. detector to a 200 ng sample of 
anthracene may be calculated. For the prototype system operated with a 15 x 0.4 cm 
column of S!Lm Licrosorb, eluted with 90% hexane+ 10% toluene at a flow rate of 
2 cm3 min-I, the peak concentration of anthracene in the flow cell (estimated 
independently by u.v. absorption measurements) was ea. 9 x 10-7 mol dm- 3 , which 
leads to a calculated R 11(S) of ea. 2160 s- 1. This value is in good agreement with the 
experimental value of 2120 ±50 s- 1 and suggests that eqn (11) offers a reliable guide 
to the b.i.f. signal to be expected from small samples. 
or more value in judging the potential of b.i.f. than the signal magnitude is the 
signal-to-noise ratio associated with the detector's response. However, we note in 
passing that eqn (11) does confirm the experimental observation that the recorded 
signal [i.e. peak height, R 11(S)] is directly proportional to the sample size. 2 This linear 
relationship holds for small samples, where k n[S] « k_, + k4 + k 5 (generally for S < 
10 -• mol dm - 3), because the sample size is, in our idealised chromatographic system, 
proportional to the peak (S] in the detector flow cell. (This relationship will, 
however, fail if the concentration (S] becomes sufficiently large for either self-
quenching or reaction (12) to become significant. Such a failure occurs for pyre ne 11 
samples at [S]> 10-4 mol dm-3.) 
Noise, in the context of a b.i.f. chromatography detector, is of the noise-in-
(background)signal variety13 and results almost entirely from the random nature of 
the radioactivity decay process6 of the (3 · source and of the consequent photon 
detection rate. Other noise sources may be made negligible by suitable electronic 
design, and noise-in(peak)signal will not be considered separately as it will be small 
for large peaks and equal to the noise-in-(background)signal for very small peaks. 
The noise in the background signal may be taken as the root variance, u m• in the 
photon detection rate, P m• and is given by 
• . l/2 
_ (dmPm{O)+dnPa+lo) 
O"m- T 
{12) 
where [ 0 is the PMT dark signal, Pn is the photon emission rate of the cell in the 
absence of fluorescent eluent, d11 is the detection efficiency of such photons and T 
is the characteristic time of the photon detection system, given by the sampling time 
~f single1photon counting is used or by r/2 (with r =RC) if RC current integration ~ured. . • 
While the absolute value of the statistical noise may be reduced by increasing 
the characteristic time, T, of the detection electronics, an upper limit to T {which 
also determines the response time of the detector) is generally set by chromato-
graphic requirements and in practice T ~ 1 s. 
From eqn ( 11) and {12) we may write the (peak response) signal-to-noise ratio 
for normal b.i.f. operation as: 
Rn{S) Fm(S)T 112(S] 
--;;:;;- = Uo + dnFs +dmFm{0)]112(kJ + k31(M]) 
X {d,ktS(kn + k32[M]) dmk11(k3 + kJt[M])}. 
kts+k2o+k21 kJ+k.+ks 
(13) 
Consideration of eqn (13) allows us to determine the conditions required to achieve 
good detector performance in terms of signal-to-noise. In practice the limit of 
detection may be taken as that value of [S) which gives rise to a signal-to-noise ratio 
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of 2 and this value will generally be sufficiently small that k 11[S) « (k ~ + k. + ks), so 
that Pm(S)"" Pm(O). Furthermore, as for conventional fluorescence detector systems, 
the sample species, S, is generally highly fluorescent compared with the solvent, M, 
so that the second term in the difference bracket of eqn (13) is small compared with 
the first term. For these reasons a near "sample-independent" limit of detection for 
highly fluorescent species may be written as 
. • 1/2 
(S)min= .2 ( k3+k3t(M))(/o+daPa+dmPm(O)) . (1 4 ) 
d,P m(O) k11 + kn[M] T . · · 
Even this simplified form shows some sample dependence through k17, which has 
been found to vary slightly for different sample materials. 10 . 
Using the data of table 3, the Pm value given above, T = 1 s, d, = 0.25 and 
dm = 4 x 10-3 we may evaluate the detection limit for a highly fluorescent material 
as [S]min ·, 1.8 x 1 o-:" mol dm - 3 • For a column dilution factor of 10, this corresponds 
to a detection limit, for a 20 mm3 sample of material with a molecular weight of 
ea. 200, of ea. 700 pg. This result agrees well with the experimentally determined 
detection limit of ea. 500 pg reported for the prototype detector. A typical example 
of a chromatogram recorded for a sample containing components at levels close to 
the detection limit is given in fig. 3. 
/ 2 
1 linj / . 
...... 
solvent front 
FIG. 3.-Response of a prototype b.i.f. detector to 2 ng samples of (I) anthracene, (2) diphenyl hexatriene 
and (3) methyl styryl benzene, eluted in 10% toluene+90% hexane. This chromatogram illustrates the 
response close to the limit of detection. 
In general / 0 and d8 />11 are smaller than dmPm(O) (see below) so that [S]min"" 
[Pm(O)r 112 and, through eqn (1) and (8), [Eo(t)]- 112• This indicates again that a high 
energy {3- source (such as 147Pm) is to be preferred over a lower energy source (such 
as 63Ni) and that the higher the activity of the source the better. Furthermore, the 
use of the highest characteristic time, T, which is compatible with the chromato-
graphic separation is desirable. The advantages offered by choosing eluent systems 
with large values of Pm and k 11 but small values of k3 are clear and in practice these 
lead to the selection of aromatic hydrocarbons, 14 such as benzene, toluene and 
p-xylene, as eluents either in pure form or as high molarity (>0.1 mol dm - 3) 
solutions in (relatively) inert liquids such as hexane. 
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One of the most promising avenues for the enhancement of b.iJ. sensitivity is 
the choice of a small value of dm to minimise the final term in eqn (14). In practice 
this means the optical filtration of the photons emitted from the b.i.f. flow cell to 
remove those which result from solvent fluorescence. This technique has already 
been applied2' 3 to the emissions from a toluene-based eluent, using a 390 nm cut-oft' 
filter which reduced dm from 0.2 to ea. 4 x 1 o- 3 (including photocathode efficiency). 
Not surprisingly the photomultiplier dark count or dark current must be kept as 
small as possible and it seems likely that small-area, bialkali photocathode tubes 
offer the greatest advantage in this respect. P,., the photon emission rate when the 
cell contains a non-fluorescent material (such as carbon tetrachloride), may be 
significant if fluorescent materials (such as PTFE) have been used in the construction 
of the cell, or if the {3- particles are able to reach the cell window and excite 
fluorescence from the window material. Where 147Pm is used as the excitation 
source a small amount of Cerenkov radiation may be produced by the highest energy 
{3- particles when eluents of a high refractive index are used (e.g. toluene). [Note 
that P8 cx:E0 (t)]. Table 4 shows the relative magnitudes of the terms in eqn (14) as 
determined for one design of flow cell2 operated with a 147Pm source and an eluent 
of 90% hexane + 10% toluene. 
TAilLE 4.-RELATIVE VALUES OF FACTORS CONTRIBUTING TO R.J.F. RACK-
GROUND SIGNAL" 
-----------------------------
PMT dark count 
/o 
1 
detected spurious signal 
dnPn 
7 
detected eluent' fiuorcscencc 
dmPm 
24 
"390 nm filter. '90% hexanc + 10% toluene. 
CONCLUSIONS 
At the present time the detection limit of a 40 MBq 147Pm-based b.iJ. detector 
using the flow-cell design referred to in table 4 is ea. 500 pg for highly fluorescent 
materials in hexane+toluene eluents. 2 If the eluent emission could be totally 
eliminated this limit would fall to ea. 250 pg and if the spurious signal (largely from 
Cerenkov emission) could also be eliminated the limit would further decline to 
ea. 90 pg. Only at this stage would there be much advantage gained from using a 
photomultiplier tube with a lower dark emission, although, as a 2 inch photocathode 
was used in the system referred to, a further improvement by a factor of three should 
be easily available by this means. 
An order of magnitude improvement in sensitivity (i.e. detection limit 50 pg) 
should be achievable with the present design by incorporating a 4 GBq 147Pm source 
(i.e. ea. 0.1 mg of 147Pm), as all the source-dependent terms in eqn (14) should rise 
by a factor of 102, while the noise term rises less sharply on taking the square root. 
However, if the contribution from eluent emission and spurious signal could be made 
significantly smaller than the dark signal of the photomultiplier, then the improve-
ment gained from increasing the source activity as described approaches two orders 
of ma~nitude (i.e. detection limit< 1 pg). The use of 63Ni as an alternative {3-
source does offer the absence of Cerenkov emission from any eluent material and 
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a longer lifetime for the source. However, the price paid for these advantages lies 
in the lower rate at which energy may be deposited in the flow cell for a given source 
activity and the greater difficulty in finding a physical barrier to protect the source 
which will allow this energy to reach the !low cell. 
The value of low energy {3 emitters such as •3Ni (or even 3H) will depend to a 
large extent on the success which attends the etTorts currently being made to 
minimise eluent fluorescence and the spurious emissions ;~ssociated with 147Pm 
sources. 
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The theory of beta-induced fluorescence is extended to include the quenching of fluorescence from 
excited 5olvent or dopant species by quenching agerits. Expressions for the quenched beta-induced 
fluorescence (q.b.i.f.) response to efficient quenchers and the related signal-to-noise ratio are derived. 
Experimental results, obtained using samples containing polar groups (such as aldehydes) are compared 
with the theoretical predictions. 
1. INTRODUCTION 
The principle of beta-induced fluorescence (b.i.f.) has been recently described t,2 
and applied to the detection of fluorescent materials eluted by liquid chromatogra-
phy. In a previous paper3 (subsequently referred to as Part 3) the elementary 
processes involved in b.i.f. were examined and a kinetic analysis was used to derive 
expressions for the b.i.f. signal and signal-to-noise ratio of a typical h.p.l.c. detector 
in response to highly fluorescent materials. In this paper we re-examine the kinetic 
analysis and demonstrate that the b.i.f. technique may be used to detect non-
fluorescent materials which quench fluorescence from the chromatographic eluent. 
The processes relevant to the kinetic analysis outlined below are collected in 
table 2 of ref. (3), and nomenclature of Part 3 is retained here. Neglecting, as 
before, phosphorescent processes, the rate at which photons are emitted, Pm, by an 
eluent consisting of a fluorescent species (M), such as toluene, and a relatively 
non-fluorescent species (such as hexane) in a b.i.f. flow-cell is given by eqn (8) 
of Part 3. In the absence of any highly fluorescent solute (S), this may be written 
p _ (kJ+kJt[M])ko[M] 
m- (k3o[M) + l)(k3 + k4 + ks + k1s[O)) 
where k0 is a function of the rate at which energy is deposited in the solution within 
the flow-cell by the /3-particles, and [0] is the concentration of any quencher 
species, 0, in the eluent which causes the quenching of M*. 
The relevant rate constants for toluene4 are collected in table 1. 
If these values are inserted into eqn (1.1) for a 1% toluene+99% hexane 
deoxygenated (i.e. [0] = 0) mixture ([M]= 0.1 mol dm - 3), then the calculated rate 
of photon emission, from the previously described b.i.f. flow-cell operated with a 
40 MBq 147Pm source/'3 (ko"" 4.5 x 1 Os dm 3 mol- 1 s - 1) is Pm"" 1.35 x 106 s - 1. This 
is in good agreement with the experimental photon detection rate of ea. 2.8 x 105 s·- 1 
obtained2'3 using a photomultiplier having a photocathode quantum efficiency of 
ea. 20%. · 
When toluene+ hexane eluents are saturated with air the oxygen concentration 
is normalll between 2 x 10-3 and 4 x 10-3 mol dm - 3 • Oxygen is an excellent 
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TABLE 1.-RATE PARAMETERS RELEVANT TO THE B.I.F. EMISSION FROM TOLUENE 
BASED ELUENTS4 
kz = 5.1 X 10 10 dm3 mor·• S- 1 
k_2 = 9.2 x 1011 s-• 
k3 =4x 1o•s-• 
k4 =3x107 s-• 
· k 5 = 1 X 107 s-• 
quencher4 of toluene's fluorescence (and phosphorescence) and the calculated 
' 5 I detection rates from hexane+toluene eluents drops from dmPm=2.7x10 s- for 
a deoxygenated 1% toluene+ 99% hexane to dmPm = 3.7 x 104 s- 1 for an air-satur-
ated solution. This prediction is born out by the experimental observation that the 
b.i.f. signal rate increases from 3.57 x 104 to 1.98 x 105 s- 1 on deoxygenation. These 
factors illustrate that the presence of relatively small amounts of fluorescence 
quenching material in the b.i.f. flow-cell can dramatically lower the b.i.f. photon 
emission rate. 
2. DETECTION OF FLUORESCENCE QUJ;NCHERS 
The principle outlined above may be used for the detection of quencher species 
eluting from an h.p.l.c. column. If a deoxygenated toluene+ hexane mixture is 
used as the eluent, then the peak magnitude of the quenched beta-induced fluores-
cence (q.b.i.f.) signal recorded by the photon detection apparatus is given by 
Rq(Q)=dm{Fm([Q])-Fm([Q]=O)} I I .• (2'.1) 
where [0] is the peak concentration of quenching material in the detector flow-cell, 
and dm is the efficiency with which the eluent emissions are detected. 
Eqn (1.1) and (2.1) may be combined to yield 
R (Q) _ -dm(k3 + kJI[M])ko[M]kls[O] !! (2.2) 
q - (kJo[M] + 1)(kJ + k4 + ks)(kJ + k4 + ks + kts[O]) 
i.e. a negative-going signal with a peak magnitude which is a function of the 
(flow-cell) concentration of the quenching species, Q. 
The q.b.i.f. signal recorded following the separation of benzaldehyde, anisal-
dehyde and propanone (6/-Lg of each in a 20 mm3 sample volume of hexane 
solvent) on a 15 cm x 0.6 cm column of 5 IL m Lichrosorb eluted with a deoxygenated 
98% toluene+2% acetonitrile eluent at a flow rate of 1 cm3 min- 1 is shown in fig. 
1. (The first peak is of the air saturated sample solvent.2 ) The integrated responses 
(peak areas expressed as - number of photons) obtained from a variety of samples 
eluted in toluene based eluents are collected in table 2. 
Clearly q.b.i.f. can be used to detect the elution of species which would be 
expected to quench the fluorescence of toluene, e.g. molecules with highly polar 
functional groupings. It thus becomes relevant to consider the sensitivity of the 
q.b.i.f. technique for the detection of "good" quenchers, which may be considered 
to be those species which quench the excited eluent molecules efficiently and for 
which k 15 > 1010 dm3 mol-1 s- 1• As before3 we may take the noise in the recorded 
eluent signal as the root variance of the photon detection rate, u m. 
• . 1/2 
. ·- (Id+Psds+Pmdm) 
G'm- T 
(2.3) 
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3 
1 
2 
FtG. 1.-Q.b.i.f. chromatogram showing detection of (I) benzaldehyde, (2) anisaldehyde and (3) pro-
panone (ea. 6 f.Lg of each), following elution from a 15 cm x 0.6 cm Lichrosorb 5 I" m column using 98% 
toluene+ 2% acetonitrile flowing at ea. 1 cm' min-I. 
where Id is the dark signal, F8 d8 the signal detected from sources other than solvent 
fluorescence, and T is characteristic time of the detector electronics (see below). 
For q.b.i.f. no effort has been made to reduce dm to zero (as was the case in 
2 • ' 
normal b.i.f.) so that, for a toluene-based eluent, P mdm »(Id+ P8ds) and we may 
assume 
(2.4) 
The signal-to-(eluent)noise ratio for q.b.i.f. may be written from eqn (2.2) and (2.4) 
as 
(
dm(kJ+ kJt[M])ko[M]Trm) 112 kts[O] 
(kJo[M]+l) (k3+k4+ks+kts[0]) (2.5) 
Where T m= (k3 + k4 + ks)-l, the lifetime Of the fluorescing Species. 
TABLE 2.-RESPONSE IN Q.B.l.F. MODE OF ELUTED MATERIALS (NORMAL-PHASE 
CHROMATOGRAPHY) 
fluorescent background/ response I counts 
compound ~olvent" counts s- 1 (f.L g sample) ·I 
propanone 1 354 000 84 800 
butan-2-one 1 354 000 67 500 
ethanol 1 354 000 119 400 
anisaldehyde · 1 354 000 182 600 
cinnamaldehyde 1 354 000 268 400 
benzaldehyde 2 428 000 268 700 
nitropropane 2 428 000 167 200 
nitrobenzene 3 350000 235 400 
"Solvent: 1, 5% acetonitrile+95% toluene; 2, toluene; 3, 90% hexane+ 10% toluene. 
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Eqn (2.5) illustrates that the signal-to-noise ratio, and so the sensitivity, of 
the q.b.i.f. detector may be increased by increasing the characteristic time, T, 
of the detection system. If the technique of single photon counting is used then 
T is the sampling time,5 whereas if the measurement of anode current is used to 
quantify the photon detection rate then T = r/2, where r is the RC time-constant 
of the integrating circuitry. 5 
In normal-mode b.i.f. systems single-photon counting provides the best method 
of determining the photon detection rate (at least as far as statistical noise is 
concerned). However, this technique has severe limitations for the q.b.i.f. mode, 
as the signal-to-noise ratio is governed by eqn (2.5), which, when written as 
Rq(Q) · 112 k "[Q] (d, TP,) k- + k + k-, + k [Q] (2.6) 
Um J 4 5 15 
illustrates the desirability of operating with d"'P"' (i.e. the photon detection rate) as 
large as possible. Single-photon counting becomes susceptible to errors resulting 
from pulse pile-up at counting rates >106 s- 1, and the lower value ofT inherent 
in using RC integration for anode-current measurement is more than offset by the 
improvement which becomes possible when photon detection rates > 108 s -• may 
be used. However, limitations on the value of T are set by the chromatographic 
requirement that the time-constant for detector response be small compared with 
the peak rise-time.6 This time-constant (governed by r =RC) must generally be 
kept below 2 s, so that T.;;;; 1 s. 
The limit of detection of the q.b.i.f. detector, which we will take as the concentra-
tion of a "good" quencher which may be detected with a signal-to-noise ratio of 
2, may also be evaluated from eqn (2.6). If we consider toluene-based eluents [i.e. 
· (k3 + k4 + k 5) =4.4 x 107 s- 1 and kts = 5 x 1010 dm3 mol- 1 s- 1] and a detection sys-
tem for which dm T = 0.2, then the limits of detection for various eluent emission 
rates are given in table 3, where the detected concentrations refer to [O] in the 
detector flow-cell. In a typical modern chromatographic system operated with a 
microparticulate column, dilution factors of between 10 and 20 are common for 
TABLE 3.-THEORETICAL LIMITS OF DETECTION OF QUENCHERS IN 
Q.B.J.F. DETECTOR OPERATED WITH TOLUENE-BASED ELUENTS 
toluene emission• 
rate/s-• 
t X 105 
3 X t05 b 
t x to• 
3 x to• 
t X t07 
1 X 108 
limits of detection 
minimum detected 
concentration/ 
mol dm-3 
1.24 x 10-s 
7.19x1o-• 
3.94 x 1o-• 
2.27 X 10-6 
1.24 X 10-6 
3.94 X 10-7 
typical minimum 
sample size/mol 
1.9 X 10-9 
1.1 X 10-9 
5.9X 10-10 
3.4 x w-10 
1.9X 10- 10 
5.9 x ro-" 
• Photon detection rate is generally ea. 20-30% of this value; in these calculations 
dm = 0.2. b Close to the rates obtained with the prototype b.i.f. system operated with a t mCi 
147Pm source. The predicted limit of detection is equivalent to ea. 1 SO ng of nitrotoluene, 
which agrees well with the experimental value of ea. 200 ng. 
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retained peaks (i.e. the ratio between the [Q) of the sample injected and the 
maximum [Q] in the detector during peak elution). Assuming an average dilution 
factor of 15, and a b.i.f. detector flow-cell volume of 10 mm\ the detection limit 
in terms of number of moles of Q may also be calculated, and the corresponding 
values are recorded in table 3. 
3. VARIATION OF RESPONSE WITH CONCENTRATION 
Eqn (2.2) shows how the magnitude of the q.b.i.f. response, Rq(Q), varies with 
the concentration of the quenching species, [Q], in the detector flow-cell. Even 
for efficient quenchers, for which k ,5 > I ()In dm-' mol- 1 s-•, (k 3 + k 4 + k 5 ) » k 15[0] 
for [Q) < 10··4 dm 3 mot-•, so that at the detector concentrations of interest in most 
h.p.l.c. analyses eqn (1.3) approximates to 
R (Q) _ -dm(k3 + kJt[M))ko[M)kJs[Q) (3.!) 
q - (kJo[M]+ i)(k3+k4+ks)2 
which may also be written 
(3.2) 
Eqn (3.2) predicts a linear dependence of the q.b.i.f. response with quencher 
concentration, although we expect a departure from linearity at high values of [Q] 
as the approximations which led to eqn (3.1) breakdown. Furthermore, from eqn 
(2.2) we can see that the departure from linearity at high quencher concentrations 
will appear as smaller responses than predicted by eqn (3.1). 
That these predictions are borne out in practice may be seen in fig. 2, where 
the q.b.i.f. response recorded by the prototype detector system for samples of 
benzaldehyde (eluted in toluene, other conditions as fig. 1) is shown as a function 
of benzaldehyde loading of the column. Clearly the detector response is a linear 
function of column loading up to ea. 20 f.L g (ea. 7 x 10-3 mol dm -3), and with a 
column dilution factor of ea. 20 in this case this corresponds to a detector cell peak 
~ 
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FIG. 2.-Variation of q.b.i.f. detector response (peak areas in arbitrary units) for benzaldehyde samples 
as a function of sample size. In this case the eluent was deoxygenated toluene. 
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concentration of ea. 2 x 10-4 mol dm -\ in good agreement with the limitations 
previously placed on the linear region. 
4. ENHANCEMENT OF Q.B.I.F. SENSITIVITY 
Toluene, or a related aromatic solvent, has formed an essential part of the 
eluent systems used in most of our work 1-3 in both normal mode and q.b.i.f. mode 
for two reasons. First it has appropriate rate-constant parameters to enable energy 
to be captured from energetic electrons and transferred to other molecules in 
solution. Secondly it can be used as a polar modifier for eluents based on saturated 
hydrocarbons (such as hexane) to provide an excellent range of control over the 
elution of compounds from normal-phase chromatography columns. We have 
shown above that the quenching of fluorescence from excited toluene molecules 
may be used for the detection of quenching species in the eluent, although for this 
particular purpose the rate parameters of toluene are not ideal. It may be seen 
from eqn (2.2) and (2.5) that there are two respects in which the response of a 
q.b.i.f. detector is limited by the choice of toluene as the species whose fluorescence 
is quenched. First the quantum yield of toluene, 1M*, [i.e. k 3 /(k3 + k4 + ks) = 0.09] 
is poor in comparison with highly fluorescent species, and, secondly, the lifetime 
of toluene, 1M*, [(k3 + k4 + k5)-1 = 25 ns],7 which is essentially the time available 
for quenching collisions to occur, is much shorter than is desirable. For these 
reasons we have examined the potential of doping hexane +toluene eluents with 
a number of fluorescent dopants which show higher quantum yields and longer 
lifetimes than toluene as a technique for enhancing the sensitivity with which 
quenchers may be detected. 
The rate of photon emission from an eluent doped with a fluorescent compound, 
S, was derived in Part 3 and is (Pm+ P,) where 
p _ (k3+k31[M])ko[M] 
m- (k30[M]+ 1)(k3 + k4 + ks + k1s[Q]+ kn[S]) 
(4.1) 
and 
· k1s(k11+kJZ[M])ko[M][S] 
. P, = (kJo[M] + 1)(k3 + k4 + ks + k1s[O]+ k11[S])(k1s + k19[Q] + k2o + k21)' (4.2) 
The rate of photon detection may be written 
where d, and dm are the efficiencies with which the dopant and eluent (i.e. toluene) 
emissions are detected, respectively. For a typical photomultiplier system d, will 
be ea. 25% and dm may be made small (e.g. <10-4 ) by suitable optical filtration. 
Thus it is possible to monitor the dopant fluorescence (ft,) for quenching by quenchers 
eluting in the doped eluent. The response of a q.b.i.f. detector operating in this 
manner may be written 
Rd(Q) = d,[P,(Q)- P,(O)] (4.3) 
{where the symbolism P,(Q) indicates the dopant emission rate in the presence of 
the quencher at concentration [Q]}. ' 
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Eqn (4.2) and (4.3) may be combined to yield 
Rd(O) = -d,P,(Ol( {k ~~(kIN+ k2u + k21 l + k l.,(k:i + k4 + k~ + k 17[S])}[Ol + k ~~ + k ~.,rof) 
(kJ + k4 + k~ + k ls[O] + k 11[S])(k1s + k1.,[0] + k2u + k21) 
( 4.4) 
In practical chromatography the detector flow-cell concentrations of eluted samples 
are likely to be small, i.e. [0]< 10-4 mol dm-· 3 , so that k1sk19[0f may be neglt!cted 
by comparison with the coefficient of [0] in the numerator of eqn (4.4 ); Similarly 
k1s[O] « (kJ + k4 + ks + kt~[S]) 
and 
k I <J[ 01 (( ( k IN + k 211 + k 2.) 
so that we may approximate the response at small [0] values by 
Rd(O) = -d,P,(Ol( k1s(k IN+ kzu + kz.l + k ~(k3 + k4 + ks + k11[S]))[Ol (4.5) 
• .. (kJ+k4+ks+kn[.)])(k1N+k2u+k21l 
which may also be written 
Rd(O) = - d,P,(O){k ISTon(S) + k 19T,}[O] (4.6) 
where T,=(k 18 +k2o+k21 )-1 is the natural lifetime of 1S* and Ton(S)= 
(k 3 + k4 + k 5 + k 17[S])- 1 is the effective lifetime of 1M* in the presence of [S]. 
These equations indicate that the response of a q.b.i.f. detector operating with 
dopant quenching should be a linear function of the concentration of quencher, 
[0], for small values of [0], although we expect this linear relationship to break 
down at [0] values which are large enough to cause the inequalities given above 
to fail. In practice one would probably choose a dopant with a relatively large r., 
i.e. r, >Ton, so that the k 19[0] will become comparable with r.- 1 at lower values of 
[0] than those for which k 15[0] becomes comparable with r m(S) ·I, and the linearity 
of response is expected to fail at lower [0] values than is the case when toluene 
fluorescence quenching is monitored (section 3). 
A comparison of eqn (4.6) with eqn (3.2) suggests that the response obtained 
using dopant quenching may easily be made larger than that obtainable using 
toluene fluorescence quenching. First the dopant may be chosen to have a relativdy 
large value of T, when compared with Ton in eqn (3.2). For example7 naphthalene 
T, = 90 ns and pyrene T, = 300 ns are both significantly longer lived than toluene 
(Ton= 25 ns). 
Secondly the dopant may be chosen to have a high fluorescent yield, so that 
P.(O) may be made very large compared with the maximum achieveable value of 
Pm. As P,(O) is (approximately) proportional to the concen!ration of the dopant, 
[S], a practical upper limit is likely to be determined by either the solubility of the 
dopant in the eluent, or by undesirable characteristics which may appear at high 
dopant concentrations, such as self-quenching or interference with the chromato-
graphic separation. While there are numerous other advantages to the use of 
dopant fluorescent quenching, two in particular should be noted. First as the dopant 
will generally be a larger molecule than a single aromatic ring solvent, its fluores-
cence is likel/ to be at longer wavelengths than that of toluene, so that its emissions 
should be detected with a greater efliciency, i.e. d,> d.,. Secondly the use of a 
dopant allows greater flexibility in the variation of the eluent composition (after 
all, the toluene is also serving as the polar modifier of the eluent). 
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The signal-to-noise ratio associated with a dopant q.b.i.f. peak may be derived 
from eqn (4.6) by analogywith the procedure used in Section 2: 
Similarly the limit of detection becomes 
[O)min = [d,P,(~)T]ttz{ktsTm(S) + ktgT,r 1• 
Comparison of eqn (4.7) with eqn (2.6) allows the ratio 
(4.7) 
(4.8) 
to be determined under conditions of equal background photon detection rates, 
i.e. dmPm = d,P,(O), and equal sample sizes. This ratio is 
(Rd(Q))/(Rq(Q)) = ktsTm(S) + ktgT, (T, (Tm ktsTm(O) (4.9) 
and provides an indication of the improvement in sensitivity achieved by the use 
of the longer-lived dopant species. Assuming Tm(S) = Tm(O) = 30 ns for toluene and 
r, = 300 ns for pyre ne, eqn (4.6) leads to the prediction that, under conditions of 
equal background b.i.f. signals, the use of pyrene dopant (and monitoring the 
pyrene fluorescence) should lead to an improvement in sensitivity by a factor of 
ea. 2.7 compared with signals from toluene based systems in whch the toluene 
fluorescence is monitored. 
Fig. 3 shows the recorded signals obtained from 1 f.l.g samples of benzaldehyde 
eluted·in 10% toluene+90% hexane. In the left-hand trace the total emission was 
monitored (i.e .. mostly toluene fluorescence). For the right-hand trace 0.001% 
(w /v) pyre ne' was used as a dopant for the eluent, its emission being monitored 
via a 390 nm optical cut-off filter. The detected eluent backgrounds were approxi-
mately the same and the noise levels in both chromatograms were approximately 
toluene 
emission 
l 
I 
solvent peak 
pyrene 
emission 
benzaldehyde/ 
peak 
FtG. 3.-Response of q.b.i.f. detector to 11Lg samples of benzaldehyde eluted from 15 cm Lichrosorb 
column. Left-hand trace was obtained using deoxygenated toluene as the eluent. For right-hand trace 
the eluent also contained 0.001% pyrenc. The noise levels were enhanced by the selection of a short 
(0.2 s) time constant for the photon detection system. 
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FIG. 4.-Comparison of the experimentally observed variation of the q.b.i.f. signal-to-noise ratio (for 
lJ-Lg samples of.benzaldehyde eluted in a pyrene-doped eluent) with the background (i.e. eluent emission) 
level, and the theoretical prediction derived from eqn (4.7). 
the same (the high noise level was obtained by selecting a small value of T). The 
experimental ratio of the recorded peak height in the doped eluent to that in the 
undoped eluent was 2.5 ± 0.2, in good agreement with the theoretical prediction 
derived from eqn (4.9). 
Eqn (4.7) indicates that the signal-to-noise ratio for a given chromatographic 
system is proportional to the square root of the detected background (i.e. eluent 
alone) b.i.f. signal. Fig. 4 shows the experimentally determined signal-to-noise 
ratios for 1 f-Lg samples of benzaldehyde detected in 0.001% pyre ne-doped hexane + 
toluene eluent as a function of the background signal (varied by changing d,). The 
broken line shows the variation predicted by eqn (4.7) and clearly the agreement 
with the experimental results is good. · 
5. CONCLUSION 
We have shown that the principle of quenched beta-induced fluorescence may 
be used for the detection of quencher compounds eluting from a liquid chromato-
graph. The linearity of response is good up to relatively high sample loadings (ea. 
10 f-l.g) and the sensitivity of the q.b.i.f. technique may be enhanced by the addition 
to the eluent of a low concentration of a dopant species which has a long fluorescence 
lifetime, such as pyrene. 
While the limit of detection attainable with our present apparatus is not par-
ticularly good (ea. 100 ng for a "good" quencher), the theoretical analysis presented 
in this pl\per indicates that this quantity should be significantly improved by 
operating with much higher eluent emission rates. A second detector system (which 
could handle the higher light levels involved) is under construction and we hope 
to report on the potential sensitivity of the q b if technique in the near future. 
However, it is already clear that the q.b.U. principle is a useful extension to the 
basic beta-induced fluorescence detection method, greatly increasing the range of 
materials which may be monitored by this type of detector. 
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Abstract. The design of a self-contained prototype beta-induced 
fluorescence detector for use with a high pressure liquid 
chromatograph is described. The design uses an easily 
constructed How cell and readily available electronic 
components. Experiments with the prototype have shown it to 
be at least as good as the previously described, but much more 
expensive, system based on commercial nuclear 
instrumentation. 
.I. Introduction 
Beta-induced fluorescence (BtF) (Malcolme-Lawes et a/ 1979) is 
a technique for the detection of fluorescent species in solution, 
and in which photon emission is excited by the passage through 
the solution of beta particles from the decay of a radioactive 
source. The technique has been shown to provide a highly 
sensitive means of detecting fluorescent materials eluting from 
the column of a liquid chromatograph, and has considerable 
potential for the analysis of trace amounts of, for example, 
polyaromatic hydrocarbons by high performance liquid 
chromatography (HPLC) (Snyder and Kirkland 1979). Published 
reports (Malcolme-Lawes et a/ 1979, Malcolme-Lawes and 
Warwick 1980, Malcolme-Lawes 198 I) of BIF detection systems 
have involved designs which rely heavily on nuclear 
instrumentation, such as pulse-shaping amplifiers, pulse height 
discriminators. counters and ratemeters. While the use of such 
equipment does provide a convenient method for the 
measurement of a wide range of fluorescence intensities 
(typically 101-106 detected photons per second), the fact that 
most nuclear pulse instrumentation currently available is 
intended for applications in which pulse amplitude is a major 
consideration, does result in the detection electronics being 
much more sophisticated (and expensive) than necessary. 
For beta-induced fluorescence detectors for HPLC to become 
widely used it is necessary for the technique to be either 
significantly more sensitive than conventional systems, or 
significantly cheaper - and preferably both. We have reported 
elsewhere on the sensitivity limits of BIF (Malcolme-Lawes et a/ 
1981) and we concentrate here on describing the design of a low 
cost, self-contained prototype BIF detector which has a 
performance at least as good as the experimental system 
described earlier, and which has been assembled for less than 
one tenth the cost of the previous system. 
2. Basic elements of the DIP detector 
The essential elements of a BIF detector are shown schematically 
in figure I. 
The emission from the BIF flow cell consists of photons 
which are transmitted by the window material, and the rate of 
photon emission varies with the concentration of fluorescent 
material passing through the cell. Even in the intended absence 
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Figure I. Essential elements of a beta-induced fluorescence 
detector. The flow cell and photomultiplier tube are generally in 
close contact and enclosed in a Jightproof housing, 
of ftuor.escent material some 'background' photon em1ss1on 
occurs, arising from the eluent's fluorescence, from the window's 
luminescence and possibly from the Cerenkov effect (Cerenkov 
1937) for systems in which high energy p- sources are used. 
This background may be reduced by placing an optical cut-ofT 
filter (Malcolme-Lawes and Warwick 1980) between the flow 
cell and the photon detector, i.e. the photomultiplier tube, and 
the cut-ofT wavelength of this filter may be chosen so that the 
transmitted signal-to-background photon ratio is minimised (the 
signal being the photon emission rate from a fluorescent 
sample). When toluene-based eluents are used cut-ofT 
wavelengths of 370-420 nm are typical. 
The transmitted photons are then detected by a 
photomultiplier tube, and the output of the photomuhiplier 
consists of a stream of negative going pulses at a pulse rate 
which may vary from -102 s- 1 (for background) to -106 s-• 
(for a signal from a large sample). 
A signal converter is required to turn the pulse detection rate 
into a form suitable for the output device, e.g. a 0-100 m V 
analogue signal for a chart recorder, or a digital pulse rate in the 
case of a computer. 
The signal-to-noise ratio for a system of this kind may be 
taken (Malcolme-Lawes et a/ 1981) as 
Rs/us (2.1) 
where Rs is the output of the signal converter corresponding to 
the peak photon detection rate as the sample material elutes and 
a8 is the root variance of the output of the signal converter 
corresponding to the background pulse rate, R&. (Note· that R B 
includes a contribution from the dark signal of the 
photomultiplier tube.) 
aa may be taken as 
Us=(RsT)112/T 
=(R,jT)112 
(2.2) 
where T is the characteristic time of the signal converter (Oiiver 
1977), and is given by the sampling time if pulse counting is used 
to determine the photon detection rate, or by r/2 if RC 
integration of the anode pulses is used (with r=RC). From 
equations (2.1) and (2.2) it follows that 
Rs Rs T 112 
-;,-= RI/' . (2.3) 
The response time of the detection system is also governed 
by the characteristic time of the signal converter (assuming that 
any time constant associated with the output device is small) if 
pulse counting is used, but by r=RC if RC integration is used. 
For a chromatographic detector it is desirable that Rsja, is 
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large (to ensure a low limit of detection) while the response time 
of the detector is small (to ensure minimal peak distortion) 
(Snyder and Kirkland 1979). Consequently pulse counting is the 
most desirable basis of signal conversion, as this gives a 41% 
improvement in Rs/oa compared with RC integration for an 
equal response time. An additional advantage of a pulse 
counting system for the present instrument is that a 
microcomputer may be used as the output device Without the 
necessity of employing an analogue-digital converter - which 
would have been unavoidable if RC integration had been chosen. 
3. The detection system components 
3.1. The BIF flow cell 
The flow cell was designed with four considerations in mind. 
(i) It must contain the I mCi 'point source' of 147Pm used in our 
earlier BIF system (Malcolme~Lawes et a/). 
(ii) lt must allow efficient detection of the emitted photons at 
wavelengths down to -370 nm (the lowest wavelength filter we 
have used for the suppression of eluent emissions). 
(iii) It must have an active volume of < 10· pi, and minimal dead 
volume between the coupling to the HPLC column and the active 
volume of the cell. 
(iv) lt must fit into a 50 mm bore photomultiplier housing. 
The design chosen is shown in figure 2. The flow cell body 
consists of a 50 mm length of PTFE tubing (nominal j" on) fitted 
at each end with a 'Cheminert' flanged connector for !" pipe 
thread fittings. One end of the tubing was reamed out with a 
· 2 mm drill bit. so that the 147 Pm source (which is supplied in a 
'10 x 2 mm diam. cylindrical ss holder) could be fitted into the 
tubing as shown in figure 2. The ·open tubing end was then 
closed with a PTFE plug. Through the other end of the tube was 
Passed the h" stainless steel (0.008" bore) inlet tube, which also 
passed through the Cheminert T connector used to take the flow 
cell outlet to waste. The active volume of this flow cell (i.e. the 
volume in which the eluent is exposed to p- particles) may be 
calculated from the diameter of the PTFE tubing surrounding the 
source ( -2 mm) and the distance between the end of the 
stainless steel inlet tube and the face of the source. This latter 
distance may be varied (by moving the source), ahhough we 
have chosen to use a distance of -I mm. giving an active cell 
volume of -3.2 ,ul. 
It should be noted that this design of flow cell does give rise 
to a certain amount of ftuoresce_nt emission from the PTFE 
material around the· source. However, most of this light is 
removed by the optical filter which is invariably used for normal 
mode BIF operation. Indeed the absolute background detection 
rate (measured using an eluent of 10% toluene/90% hex a ne) was 
found to be lower with the present design than was the case with 
the earlier quartz window cell (Malcolme-Lawes and Warwick 
1980). 
3.2. The photomultiplier assembly 
The f!ow cell, optical filter, photomultiplier and associated base 
and dynode chain resistors were housed in a lightproof brass 
tube (8" x 2" diam.) closed at each end by threaded end caps 
through which the eluent flow tubes and electrical connections 
were passed. A schematic diagram of the assembly is shown in 
figure 3. In the first prototype a 50 mm diameter EMI 9804QB 
photomultiplier was used, although we have also used the pin 
compatible EMI 9789QB tube which has a 10 mm diameter 
photocathode (and consequently a lower dark count than the 
9804QB). Details of the electronic components mounted on the 
PMT base are given below. The base was mounted on one of the 
housing's end caps using spring connectors. The high voltage 
bias was supplied through a PET connector mounted on the end 
cap, while the output signal was made available through an 
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Figure 2. Schematic diagram of the BIF flow cell and associated 
connections used for the prototype detector. This system has the 
advantage of being readily assembled from standard couplings. 
Photomuttip\ier tube 
' 
' ~fil 
Flow Optical 
\ 
cell filter 
tw connector c/ Earthing /point 
.. Signal I . coonector 
Oynode Mountmg 
chain spr1ngs 
Figure 3. Flow cell and photomultiplier .assembly. Note that the 
dynode chain resistors and decoupling capacitors are attached 
to the photomultiplier base. Electrical connections and eluent 
flow pipes require a lightproof entry through the end caps of the 
housing. 
adjacent BNC connector. Both sockets were found to be 
adequately light proof only when a wired plug was attached. The 
eluent inlet and outlet tubes (both ~" on stainless steel) were 
passed through the bore of a i--J" Swagelok connector mounted 
on the other end cap, and lightproofing was achieved by J" 
diameter black septa in place of the usual Swagelok ferrules. 
It should be noted that the flow cell required to be operated 
in the vertical position, with the source at the lowest point (as 
shown in figure 3) to prevent gas bubbles becoming trapped in 
the active volume. 
3.3., The high voltage bias and associated components 
Our previous experience of a BIF detector based on a 9804QB 
photomultipliet (Malcolme-Lawes and Warwick 1980) had 
indicated that a bias potential of 1200-1500 V would be 
required for optimum detection efficiency of the single photon 
BIF events. The bias supply for this prototype was subsequently 
designed to provide 1500 V without provision for changing this 
voltage (save by the physical insertion of dropping resistors as 
described below). As the peak anode current would not exceed 
10 ,uA in any of the envisaged applications of. the prototype 
detector (and in most instances would be < I ,uA) the dynode 
chain current, and so the bias supply current, was designed to be 
-0.3 mA. To be useful as the bias supply for a detector system 
which would operate by counting fast, small ( > 20 m V) pulses, it 
was important that the supply gave an output which was free of 
high frequencY. noise and which did not radiate RF noise which 
could give troublesome interferences in other circuits. 
We chose to design the bias supply around a commercially 
available DC-DC converter. as these were available in small 
potted packages at relatively low cost. Our circuit is based on 
the C 15 (12 V-1500 V (I mA max)) converter available from 
Venus Scientific Inc. Farmingdale, New York. This particular 
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model is unscreened, so the circuit required some screening 
sheets to be soldered around the C IS unit to prevent RF pick-up 
by the amplifier circuitry. However, Venus Scientific Inc. are 
able to supply a similar unit which is screened, and this would 
probably have been less troublesome - although more 
expensive. 
A schematic diagram of the complete bias supply, and the 
associated photomultiplier circuitry, is shown in figure 4. In the 
prototype system a separate 20 V A. mains transformer with a 
single secondary (0-12 V) was used to ensure isolation from the 
amplifier and TTL supplies. A standard + 12 V regulator circuit is 
used to drive the Cl5 converter, and the 1500 V output is 
filtered through the C-R-C network to minimise ripple. (The 
300 pF filter capacitors must, of course, be high voltage types. 
We used 8 kV working capacitors obtained from R S 
Components Ltd.) If it is necessary to drop the 1500 V to a 
lower value this may be achieved by inserting a resistor in the 
i2 V input line. as the C IS's output is proportional to the input 
voltage. Using the dynode chain shown in figure 4 the C 15 input 
current is approximately 60 m A, so that an output voltage of 
-1200 V may be obtained by inserting a 33 R input series 
resistor, which we did when using the 9789QB photomultiplier 
tube. 
The bias supply was delivered to the photomultiplier 
assembly through a screened cable terminated in a PET 
connector. It should be noted that normal BNC connectors are 
·not suitable for use at these potentials. 
J .4. The pulse electronics 
Negative going pulses arriving at the PMT anode (see figure 4) 
are transmitted via a 100 pF blocking capacitor to the BNC 
connector on the photomultiplier housing· and then by 
-6 inches of screened lead to a single transistor impedance 
converter. This emitter follower circuit. shown in figure 5, is 
mounted in a die·cast'aluminium box within the cabinet housing 
the whole system, to minimise noise pick-up. These techniques 
(i.e. AC coupling and impedance conversion) were adopted so 
that the fast 710 comparator could be used ·to generate TTL 
pulses on the detection of each anode pulse. This device requires 
a substantial input current and has a small amount of hysteresis 
in its triggering levels which may be conveniently overcome by 
the overshoot of the AC coupled pulse waveform. The threshold 
level (i.e. the input pulse height which causes the 710 to change 
state) was set by a circuit board mounted preset resistance 
which provided the comparison voltage at the inverting input of 
the 710. The prototype was normally operated with a threshold 
level of approximately 20 m V. 
The output of the 710 under normal operating conditions 
consists of a stream of TTL pulses whose·rate is equal to the 
photon detection rate and whose widths vary (with the input 
pulse height) but are of the order of the input pulse widths and 
typically -25(}-500 ns. From figure 5 we can see that these ITL 
pulses are then passed to a chain of three cascaded · pulse 
counters (74LS193) using the (count·up) clock inputs to each 
counter. Excluding the overflow outputs (which are used for 
cascading) two of the four available outputs of each counter 
providing leading edges of output pulses for every 2, 8, 32, 128, 
512 and 2048 pulses produced by the 710 comparator. 
One of these six lines of output is selected by six NAND 
gates (74LSOO) controlled by a front panel mounted 'Range' 
selector switch. Only one of the NAND outputs is now 
changing, the others are all high, so the outputs are combined 
through the 8-input NAND (74LS30). The output of this gate is 
now pulsing at a rate equal to the detected photon rate divided 
by 2, 8, 32; 128, 512 or 2048, depending on the setting of the 
'Range' switch. These pulses are supplied to both the 
microprocessor interface and the pulse-rate-to-analogue 
Photo- / 
cathode 
To pulse h-"=~.,-.. c1rcuit 
/ Oynode 
chom 10 
Figure 4. Circuit diagram of high voltage bias supply and 
associated components. When used with our 9804QB 
photomultiplier, R was omitted and the bias potential was 
1500 V. The C 15 converter required some screening (all 
resistances kO, all capacitances nF, except where stated 
otherwise). 
·12 V 
10 
Anode 
V 
Figure 5. Circuit diagram of pulse handling electronics. The 
impedance converter was built in a screening box to minimise 
noise pick-up. Remainder of circuit was constructed using wire 
wrapping technique (all resistances k!l, all capacitances nF 
except where stated otherwise). 
converter described below. In our case the computer connection 
is achieved to a Commodore CBM 3032 microcomputer using 
the ICI Gammatrol pulse counter interface. However, many 
other varieties of serial or parallel computer connections (using 
the spare outputs on the 74LSI93's) would be relatively 
straightforward. 
It should be noted that the limitations placed on the photon 
detection rate by the prototype system arise from the time 
constants of the anode and erilitter follower circuits. In our case 
dead time corrections become significant ( > 10%) at detection 
rates above 2 x 105 s- 1 and the system saturates at about 
2 x 106 s-I. For our purposes this did not pose any problems. 
However, if the system were required to work at higher pulse 
rates, then the transistor used in the impedance converter should 
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Figure 6. Circuit diagram of pulse ratemeter,lowpass filter, over-range indicator and final amplifier. The filter capacitors w~re of the 
tantalum variety. (All resistances k!l, all capacitances nF except where stated otherwise.) 
be replaced by a faster device, and it may be necessary to lower 
the anode load resistance so that pulse widths of < 100 ns are 
obtained. 
3.5. The analogue electronics 
The output pulse rate of the 74LS30 is proportional to the 
photon detection rate, and may be converted into an analogue 
signal using conventional ratemeter designs. The schematic 
circuit of the ratemeter and related circuitry are shown in figure 
6. A simple Ac coupled, diode~pumped integrator circuit utilises 
the leading edge of the pulses arriving from the 74LS30; this 
avoids introducing the statistical errors associated with the 
varying pulse widths which would arise if oc coupling were to be 
used. A fixed integration time constant of -0.5 s is provided, 
although of course this may be reduced by lowering the 
feedback resistance. The capacitance values have been chosen to 
provide an (integrator) output voltage which is directly 
proportional to the input pulse rate up to a maximum of 
-200 m V for a pulse rate of 103 s- 1• 
The integrator output is used to drive two separate circuits: 
(i) a noise filter circuit which provides an output for a chart 
recorder or other analogue device and 
(ii) an over~range indicator circuit, whose function is to indicate 
that the pulse rate is above the linear region of the pulse 
ratemeter circuit. 
The over-range indicator circuit consists of a - x 8 buffer 
amplifier followed by a comparator whose output drives a front 
panel mounted warning light. The comparison potential is set to 
a ·value which is 20% above the 200 x 8 mY level which 
corresponds to a ratemeter input of 103 s- 1• If the pulse rate 
exceeds -1.2 x 103 s- 1, then the indicator light warns the user 
that the analogue output signal is an inaccurate representation 
of the photon detection rate (and that a higher range should be 
selected). 
The integrator output is also passed through a circuit board 
mounted preset resistor (which allows the final output of the 
system to be adjusted to lOO mY for an input pulse rate of 
103 s- 1) to two consecutive second order Butterworth filters 
(only one of which is shown in figure 6). These provide for the 
attenuation of high frequency fluctuations (i.e. noise) in the 
analogue signal, with a roll-off of 24 dB/octave above a cut-off 
frequency selected by a front panel mounted sele~tor switch. 
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Cut-off frequencies of 5, 0.5, 0.25, 0.2, 0.15 and 0.1 Hz were 
provided on the prototype, corresponding to effective time 
constants of approximately 0.2, 2. 4, 5, 7 and 10 seconds 
respectively. It should be noted that selection of the S Hz cut-ofT 
frequency allows the overall time constant of the system to be 
determined by the 0.5 s time constant of the pulse ratemeter 
circuit. Full details of the filter circuit and its operation have 
been described elsewhere (Malcolme-Lawes et a/1980). 
The output of the filter circuit is passed to an inverting 
amplifier which provides for a front panel controllable offset of 
the analogue signal and for the amplification of the balance 
signal by front panel selectable gain factors of 0.3, I, 3, 10, 30 
and 100. The output of this amplifier is used to drive a front 
pane! mounted 100 m V FSD meter. This output is also passed to 
an output socket on the rear of the cabinet for connection to a 
chart recorder or other 0-100 m V analogue device. 
4. The complete system 
The components described above were assembled into a single 
Recorder Power 
output""' supplies Mains 
\ Fuse socket ..... 
r- I I 
'"' 
Preampl. 
Circuit housing- t- 0 )oard Ribbon )- cable 
'rr ~ 
Liquid flow _./.} Di;ftay F~t Panel 
tubes meter controls 
Figure 7. Layout adopted in completed detector. Note that the 
flow cell inlet tube (0.008 inches bore ss tubing) passes directly 
from the flow cell to the column coupling with no intervening 
couplings. A stainless steel tube is also used to bring eluent out 
of the flow cell, although this may be coupled to a PTFE tube 
once outside the lightproof housing. 
A beta-inducedjluorescence HPLC detector 
19 inch rack cabinet as shown schematically in figure 7. (In 
practice the system would have fitted into a considerably smaller 
cabinet.) The layout of the front panel controls was chosen so 
that it was easily understandable by a user familiar with 
conventional nPLC detectors. and is shown diagramatically in 
figure 8. 
For operation a chromatograph column outlet is connected 
to the flow cell inlet tube and the eluent flow started. The range 
selector switch is set to maximum (equivalent to -2 x 106 s-• 
full scale output), the baseline shift control switched ofT and the 
amplifier gain set to I. The mains power is switched on and the 
high voltage is ·switched on. The range switch is then turned to 
successively lower ranges until an output signal between 10 and 
50 m V is obtained (or until the lowest range is selected). The 
output device is then activated and chromatograms may be 
recorded. A satisfactory chromatogram may then be obtained 
by suitable baseline and amplifier gain adjustment. If the sample 
size is large and the over-range warning indicator lights then the 
chromatogram is repeated with a higher range selected. When 
the sample size is small, and high gains are required, the 
background noise may be reduced by selecting a larger time 
DISplay 
meter 
LiQuid flow 
tubes 
Baseline shift Over-ronge 
controls indicator 
uv switch 
o • and indicator 
0 0 0 
0 
• • 
Mains SWitCh 
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Gam Range T1me constant 
"- I / Selector switches 
Figure 8. Layout of front panel of BIF prototype. Ferruled 
Swagelok couplings were used to grip the eluent tubes as they 
pass through the front panel to prevent movement of the flow 
cell within its housing. The front panel was grounded by cable to 
the central grounding point. 
2 
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16 12 B 4 0 
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Figure 9. Typical chromatogram recorded with prototype 
detector, showing response to (I) anthracene, (2) 
diphenylhexatriene, and (3) methylstyrylbenzene (20 ng of 
each) eluted in 10% toluene/90% hexane. This chromatogram 
has slightly better signal-to-noise ratios than those recorded on 
the earlier experimental system. 
constant, at least until the resultant peak broadening becomes 
unacceptable. 
In practice the prototype system has been in almost daily 
use for about six months and has functioned without failure. A 
typically recorded chromatogram. obtained folowing the elution 
of anthracene. diphenylhexatriene, and methylstyrylbenzene 
(20 ng of each. 20 pi sample volume) usi"ng JQ<)fl tolucne/90(U, 
hexane from a 300 x 6 mm Porasil column at a llow rate of 
2 rnl m in -•, is shown in figure 9. 
The detection limit (Malcolme-Lawes and Warwick 1980. 
Malcolme-Lawes et a/ 1981) of the prototype fitted with its 
1 mCi 1" 7Pm source is < 500 pg for rapidly eluted, highly 
fluorescent species, although it is hoped that this figure will be 
substantially imProved when a 10 mCi source becomes 
available. 
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A photon-counting spectrometer has been used to record the fluorescence spectra of a 
number of aromatic solvents and polynuclear aromatic hydrocarbons excited by the passage 
of beta particles from a promethiuri:t-147 source. It is found that excimer emissions from the 
single-ring solvents are much less prominent than those reported previously using accelerated 
electron bombardment. The fluorescence spectra of polynuclear aromatic hydrocarbons are 
found to differ from conventional fluorescence spectra in those cases where the compound's 
molar extinction coefficient is high at an emission wavelength. It is suggested that beta-induced 
fluorescence is less susceptible to self-absorption errors than conventional fluorescence 
spectrometry. 
Beta-induced fluorescence (b.i.f.), 1 more accurately described as beta-induced 
luminescence, is the emission of light from materials irradiated by beta particles. 
The phenomenon has been widely used as a technique for the detection of beta-
emitting radionuclides in the guise of liquid scintillation counting/ where b.i.f. 
excited from a solution of a specific fluorescent compound, such as biphenyl oxazole, 
following each beta decay within the solution is detected. More recently b.i.f. has 
been applied to the detection of low concentrations of fluorescent species in flowing 
liquid systems3 by irradiating the liquid flow with a flux of beta particles from a 
solid radioactive source, such as nickel-63 or promethium-147. This technique offers 
a number of attractions as a means of detecting fluorescent materials in the eluent 
of a liquid chromatograph and has formed the basis of a novel h.p.l.c. detector 
offering a detection limit of ea. 30 pg for highly fluorescent polynuclear aromatic 
hydrocarbons (p.a.h.) using a promethium-147 source activity of ea. 4 x 109 Bq. 
A semi-quantitative explanation of the photon yield from the b.i.f. liquid-
chromatography detector system has been proposed4 and, not surprisingly, has 
indicated the importance of distinguishing between the luminescence of the bulk . 
eluent and the emission of the sample compound. In particular, a prototype b.i.f. 
detector3 gave a background luminescence intensity from a hexane +toluene solvent 
of the order of 105 photon s- 1 when the emitted photons had been filtered through 
a 370 nm cut-off filter. This corresponds to a noise level of ea. 0.3% when a typical 
chromatographic integration time of I s is used. Under a given set of chromato-
graphic conditions an anthracene peak produced by a I 00 pg injected sample yielded 
a peak intensity of ea. 103 photon s- 1 above background, which is clearly approach-
ing the limit of detection in that system. A reduction in the detected background 
luminescence would be expected to improve the detector's noise level and provide 
an attractive sensitivity for analytical h.p.l.c. applications. 
In order to study the nature of the b.i.f. emission in more detail we have 
constructed a single-photon-counting spectrometer and recorded the luminescence 
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Fig. 1. Schematic diagram of the system used for recording b.i.f. spectra. 
spectra induced by beta-particle irradiation of a number of aromatic liquids and 
solutions. In this paper we report on some of the results of this study, with particular 
emphasis on the kinds of solvents and samples which are of interest in the liquid-
chromatography b.i.f. system. 
EXPERIMENTAL 
The apparatus is illustrated in schematic form in fig. I. The system contained a b.i.f. 
chromatographic detector flow-cell (kindly loaned by Applied Chromatography Systems Ltd) 
having an active volume of ea. 5 mmJ. The distance between the radioactive source and the 
cell window was ea. 0.5 mm, so that liquid samples could be regarded as thin samples. The 
source, which was fabricated by Amersham International plc, consisted of 4 x 109 Bq of 
promethium-147 sealed behind a 5 p.m silver-foil window. The cell was positioned in front 
of the entrance slif of a Bent ham M-300 monochromator fitted with a ruled grating ( 1800 
lines mm- 1). The monochromator's exit slit was fitted with a photomultiplier tube (EMI type 
9879QB) coupled to a 24 bit binary pulse counter interfaced with a CBM computer. The 
computer also controlled the position of the monochromator grating. Details of the spec-
trometer and the computer interface system have been given elsewhere.5 
The sample liquids and solutions were pumped through the flow-cell from a 5 cm 3 reservoir 
using an Eldex pump (model AA94/8) in order to avoid distortion of the spectra resulting 
from any build-up of radiation-damage products within the cell. In fact for most of the 
systems we have studied radiation damage does not become important until a sample has 
been stationary within the cell for a period of several hours. Samples were initially purged 
with helium, nitrogen or argon to remove oxygen and then kept under an atmosphere of the 
purging gas while the spectra were recorded. Lack of reproducibility in concurrent chromato-
graphic experiments led to the exclusive use of helium as the purging gas for later experiments, 
owing to the variability of the oxygen content of the solutions when other purging gases were 
used. Reproducibility of spectra recorded many hours apart indicated that loss of solvent 
or change of solvent composition was insignificant over the timescale of these experiments. 
The spectrometer was designed to cover the wavelength range 200-600 nm and to handle 
a wide dynamic range of light intensities. The spectra were recorded by counting detected 
photons at a specified wavelength until either a prescribed statistical precision had been 
reached or until a preset counting time had been exceeded. Times were recorded using a 24 
bit binary clock driven by a I 00 kHz precision oscillator. Time and photon-count readings 
by the computer were synchronised to clock edges and are believed to be reproducible to 
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10-7 s. Spectra were recorded by evaluating the photon detection rates at specific' wavelengths 
over the required spectral range. Spectra were corrected for the relative monochromator 
transmission efticiency and photomultiplier response, although accurate correction factors 
were available only over the range 300-600 nm and were provided by Bent ham Instruments 
Ltd, who calibrated the system against an N.P.L. tungsten lamp. At lower wavelengths the 
correction factors have been estimated by comparing theoretical and experimental Cerenkov 
spectra from a strontium-90 source in water. Corrected spectra were plotted on a Watanabe 
graphics plotter using linear interpolation between recorded data points. A typical spectrum 
is constructed from data points recorded at I nm wavelength intervals. 
The ordinate recorded for the spectra represents the number of photons per second 
reaching the detector with the monochromator operating as a photon filter of fixed-wavelength · 
bandwidth. The spectra have been plotted as a function of wavelength as this seems logical 
when a fixed-wavelength bandwidth system is being used and because most commercial 
instruments which operate in the u.v. and visible regions report in wavelength. However, 
note that the conventional fluorescence spectra used below for comparison with our b.i.f. 
spectra have been taken from Berlman,6 who reported spectra as functions of wavenumber 
and used the term 'photon intensity' to mean the relative number of photons emitted per 
unit time per unit wavenumber range. We have converted Berlman's spectra to suit our 
choice of axes by scaling her spectra by wavelength squared. Comparisons between our 
spectra and replotted Berlman spectra have been made only in the wavelength range for 
which we believe the efficiency calibration of our spectrometer to be accurate to better than 
5%. Where absorption spectra are shown, these have also been taken from Berlman and are 
plots of molar extinction coefficient against wavelength. 
Except where otherwise stated, the solvents used were hexane from Fisons, h.p.l.c. grade, 
methanol from Rathburn Chemicals, h.p.l.c. grade, and toluene, xylenes, benzyl alcohol and 
mesitylene, AnalaR grade; other solvents were standard laboratory grade. All the solvents 
were dried over molecular sieve or sodium metal before use. Naphthalene, anthracene, pyrene, 
perylene, fluoranthene and acenaphthene were Aid rich Gold Label reagents. The other sample 
materials were standard laboratory grade and were used without further purification. 
RESULTS AND DISCUSSION 
The eluent system which has been the most useful for liquid chromatography 
in conjunction with a b.i.f. detector is a mixture of hexane and toluene. 1•3 Fig. 2 
shows. the b.i.f. spectra recorded with (helium-purged) mixtures of hexane and 
toluene at I, 5, 10 and 100% toluene (v/v). At low toluene concentrations the 
spectrum consists of a single peak at ea. 285 nm, which appears to be virtually 
identical with the coventional fluorescence spectrum6 of a dilute solution of toluene. 
As the toluene concentration is increased the b.i.f. intensity increases and the 
fluorescence peak becomes progressively red shifted, peaking at 290 nm in 100% 
toluene. Furthermore, the spectrum exhibits a shoulder on the long-wavelength side 
of the main peak; this becomes more pronounced as the toluene concentration ris.es. 
Both of these features may be attributed to the growth of an emission component 
from an excimer ('D*) formed by the interaction of an excited- and a ground-state 
toluene molecule/·8 i.e. 
1M 1+ 1Mo-+ 1D*. 
Similar results were obtained with other simple aromatic solvents. Spectra recorded 
with a number of aromatic solvents are collected in fig 3. Fig. 3(a) shows the spectra 
recorded for the pure aromatic liquids toluene, p-xylene and anisole (the latter has 
been reduced by a factor of 5), while the spectra in fig. 3( b) were obtained from 
10% (v/v) solutions of aromatic materials in hexane (for toluene, o- and p-xylene 
and mesitylene) or methanol (for anisole and benzyl alcohol). In general the spectra 
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Fig. 2. B.i.f. spectra for helium-purged solutions of toluene in hexane. The concentrations 
of the solutions as percent toluene (v/v) are shown. 
of the diluted aromatics show the features to be expected by analogy with conven-
tional fluorescence measurements. A bathochromic shift occurs for p-xylene com-
pared with toluene and o-xylene, and a large bathochromic shift is produced by 
the attachment of an -OCH3 group to the aromatic ring compared with the absence 
of a shift for benzyl alchohol. 
What makes the results of fig. 2 and 3 particularly interesting is that they are 
quite different from the results reported by Abu-Zeid et al.,9 ' 10 who recorded the 
fluorescence spectra of aromatic solvents following electron-beam bombardment of 
the liquids. Abu-Zeid et al. observed single peaks at wavelengths which were 
·typically 30-40 nm longer than the peak emissions observed by conventional fluores-
cence spectrometry; they attributed these to the emission of excimers. To account 
for the absence of excited-monomer CM1) emission, they proposed that the exeited 
monomer was more susceptible to quenching by the products of radiation damage 
in the system (produced by the high-intensity electron beam necessary for their 
experiments). All the aromatic liquids we have studied have b.i.f. spectra which 
show as a principal feature a peak comparable to that obtained by conventional 
fluorescence spectrometry, and several show a second peak or shoulder at approxi-
mately the position reported by Abu-Zeid et al. for excimer emission (e.g. 318 nm 
in the case of toluene). These findings suggest that the results of Abu-Zeid et al. 
may not be directly transferable to systems in which the extent of radiation damage 
is significantly less than in their system; such systems include b.i.f. detectors and 
liquid-scintillation systems used for monitoring radionuclides such as tritium and 
carbon-14. 
From the liquid-chromatography viewpoint the spectra shown in fig. 3 illustrate 
the unsuitable nature of p-xylene and anisole for the b.i.f. energy-transfer component 
of an eluent, as both show a significant emission above 350 nm which would 
contribute to the background level of a b.i.f. detector. That the other aromatics 
have observable excimer emissions is discouraging because of the difficulty of 
effectively filtering out these photons. It would appear that the breakthrough of 
such excimer emission sets an effective limit on the sensitivity with which a b.i.f. 
detector may be used for the detection of low levels of fluorescent species. 
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Fig. 3. (a) B.i.f. spectra for helium-purged, undiluted (I) p-xylene, (2) anisole and (3) toluene. 
(b) B.i.f. spectra for 10% (v/v) solutions of (I) p-xylene, (2) mesitylene, (3) anisole, (4) 
toluene, (5) o-xylene and (6) benzyl alcohol. The bulk solvent was hexane except in cases 
(3) and (6) where methanol was used. 
Dilute solutions of polynuclear aromatic hydrocarbons exhibit b.i.f. spectra 
which are similar to those obtained by conventional fluorescence spectrometry 11 
(see below) and a dilute solution of, say, anthracene in toluene will result iR emissions 
from toluene and from anthracene. Fig. 4 shows the spectra recorded from 
2.6 m mol dm - 3 solutions of anthracene in (I) toluene and (2) anisole. The absolute 
intensity of the anthracene emissions is similar in both cases, although the intensity 
of the solvent emission is nearly an order of magnitude greater for anisole than for 
toluene. 
We also investigated the effects of helium purging of the sample solutions on 
the spectra recorded, as helium purging is known to have a significant effect on the 
sensitivity achievable in chromatographic detection by b.i.f. measurement. From 
the results for 2.6 mmol dm-3 anthracene in toluene, shown in fig. 5, we can see 
that removal of oxygen raises the intensity of the anthracene emission more than 
the intensity of the monomer and excimer emissions from the aromatic liquid 
586 
" ;. 
·;:: 
"' 
800 
600 
"E 200 
0 
BETA-INDUCED FLUORESCENCE SPECTRA 
200 300 400 500 
wavelength/nm 
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Fig. 5. Effect of helium purging on the b.i.f. emissions of a 2.6 mmol dm- 3 solution of 
anthracene in toluene: (I) air equilibrated solution (2) helium-purged solution. 
(purging with oxygen-free nitrogen produces similar results, although more slowly). 
This is consistent with the hypothesis that the. excimer is quenched by oxygen to 
approximately the same degree as the excited monomer (M 1)/· 10 although implying 
that oxygen quenching is qualitatively different from quenching by radiation-damage 
products mentioned above. It is clear that the intensities of both the toluene 
monomer and excimer emission (at ea. 320 nm) are increased by ea. 30% on removal 
of oxygen, while the anthracene emission (at ea. 400 nm) is approxirpately doubled. 
Results from a range of p.a.h. in toluene have shown that the increase in p.a.h. 
emission on helium purging is proportional to the lifetime of the excited state 
involved in the emission. These observations are consistent with the hypothesis that 
the primary route for the production of excited anthracene (S 1) involves the transfer 
of excitation energy from toluene excimer species,3 i.e. 
1So+ 1D* _. 1St+ 1Do. 
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Solvent is 90% hexane+ 10% toluene. The broken line shows Berlman's oonventional 
fluorescence spectrum of perylene (ea. 0.3 mmol dm .. 3 ) in cyclohexane excited at 254 nm. 
Of particular interest in connection with the analytical potential of beta-induced 
fluorescence are the spectra recorded from p.a.h. and related highly fluorescent 
materials and their relation to conventional fluorescence spectra. Fig. 6 shows the 
b.i.f. spectrum 0.16 m mol dm-3 perylene in I 0% toluene +90% hexane [curve (I)], 
while the broken line shows the conventional fluorescence spectrum (taken from 
Berlman6 ) of a 0.3 mmol dm-3 solution ofperylene in cyclohexane excited at 254 nm. 
The peak positions are in excellent agreement, although the relative peak heights 
are different: in fact the two longer-wavelength peaks have approximately the same 
relative intensities in the two spectra (ea. 3.8: I), while the lowest-wavelength peak 
is ea. 1.4 times the intensity of the middle peak in the b.i.f. spectrum and only 0.9 
times the intensity of the middle peak in the conventional fluorescence spectrum. 
That the effect does not result entirely from concentration differences or from 
absorption effects within the b.i.f. flow cell is demonstrated in fig. 6, where the b.i.f. 
spectra of a saturated perylene solution is included for comparison [curve (2)]. 
Similar effects were noted for anthracene, the spectra being shown in fig. 7(a ), 
where again the highest-energy emission appears to be enhanced for b.i.f. in com-
parison with the conventional fluorescence spectrum6 ( 1.6 m mol dm - 3 solution in 
cylcohexane excited at 254 nm). However, not all b.i.f. spectra exhibit these differ-
ences and the b.i.f. spectra recorded for diphenyl anthracene and diphenyl oxazole 
solutions, shown in fig. 7( b) and (c), respectively, were virtually identical to the 
conventional fluorescence spectra. 
In some cases, where the b.i.f. spectrum is different from the conventional 
fluorescence spectrum, note that the b.i.f. spectra appear to exhibit a cl'oser approxi-
mation to mirror symmetry with the u.v. absorption spectra. This may be seen in 
fig. 8( a), which shows the b.i.f. spectrum, the conventional fluorescence spectrum 
and the u.v. absorption spectrum of perylene. However, other materials are not so 
helpful, as may be seen in fig. 8(b) where the analogous spectra for tetracene are 
given. The conventional fluorescence spectra of both materials are taken from 
Berlman6 (with the conversions required for our axes); note that she went to 
considerable lengths to avoid distortion of the fluorescence spectra by absorption 
within the sample solutions. Fluorescent radiation was viewed from the same face 
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absorption spectrum (---- -) recorded for pcrylene (ea. 0.1 m mol dm - 3 ). The b.i.f. 
spectrum was recorded for a solvent consisting of 90% hexane + I 0% toluene. The other 
spectra are taken from ref. ( 6). (b) Analogous spectra for tetracene. 
of the cuvette as that used for introduction of the exciting radiation and sample 
solutions were ea. 10-4 mol dm-3 • Nevertheless, it would appear that b.i.f. spectra 
differ significantly from Berlman's conventional spectra only for those molecules 
which have a high molar extinction coefficient(> 1000) at wavelengths of substantial 
fluorescence emission. Thus at the 380 nm fluorescence peak of anthracene the 
molar extinction coefficient is ea. 6000, at the 470 nm fluorescence peak of tetracene 
the molar extinction coefficient is ea. 7000 and at the 440 nm fluorescence peak of 
perylene the molar extinction coefficient is ea. 12 000. If the reduction in the intensity 
of the lowest-wavelength fluorescence is related to magnitude of the extinction 
coefficient at that wavelength, then the reductions would be comparable for 
anthracene and tetracene and larger in the case of perylene. That this is the case 
may be seen from the spectra of fig. 7 and 8. On the other hand, the molar extinction 
coefficient for diphenyl anthracene at the 410 nm fluorescence peak is only ea. 1000, 
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and for diphenyl oxazole (and in fact most of the other liquid-scintillator materials) 
there are no sharply defined peaks in the overlap region. 
We can oiler no proven explanation for these observations, although one possibil-
ity is that self-absorption may be responsible for the diflerences between b.i.f. spectra 
and conventional fluorescence spectra. B.i.f. should be less susceptible to self-
absorption problems because the excitation energy is deposited within the sample 
solution over a relatively short distance (ea. 0.5 mm in the case of promethium-147 
beta particles) irrespective o( the chemical nature of the sample solvent or the 
concentration of the solution. Photon-induced fluorescence requires a substantial 
path length to allow dilute solutions to absorb the excitation energy. Consequently 
a shorter path-length cell may be used for recording beta-induced fluorescence 
spectra and problems caused by sample and matrix absorption should be reduced. 
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